
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  



 



PRECURSOR DESIGN I 1 

– Small Molecule Inhibition on Surfaces: The Role of Carbenes and Other Ligands
Barry, Sean Thomas*; Ragogna, Paul; Crudden, Cathleen 

– From Molecules to Materials: Precursor Design for the Deposition of Conductive Metals
Knapp, Caroline* 

– New non-Pyrophoric metalorganic precursors for CVD and ALD of IGZO
Schmickler, Marcel*; Preischel, Florian; Zanders, David; Klimars, Jacqueline; Devi, Anjana 

– New Precursors for the Atomic Layer deposition of p-type SnO
Johnson, Andrerw* 

– Iron and and cobalt second-generation precursors for the vapor-phase deposition of Fe2O3
and Co3O4 systems

Barreca, Davide; Seraglia, Roberta; Jandl, Christian; Pöthig, Alexander; Fois, Ettore; 
Tabacchi, Gloria; Roverso, Marco; Bogialli, Sara; Callone, Emanuela; Dirè, Sandra; 
Gasparotto, Alberto; Maccato, Chiara* 

CHARACTERIZATION I 10 

– Real-time monitoring of the surface chemistry of ALD processes by ambient pressure x-ray
photoelectron spectroscopy

Schnadt, Joachim* 

– In-Situ characterization of CVD processes where plasma electrons are utilized as reducing
agents

Niiranen, Pentti*; Kapran, Anna; Nadhom, Hama; Čada, Martin; Hubička, Zdeněk; Lundin, 
Daniel; Pedersen, Henrik 

– Controlling the Hydrogen Source in zinc, titanium, and aluminum oxides deposited via
Atomic Layer Deposition

Putz, Barbara*; Guerra-Nunez, Carlos; Bernardi, Alex; Döbeli, Max; Micher, Johann; Utke, Ivo 

– Ambient pressure XPS setup for studying in situ ALD
Kokkonen, Esko*; Jones, Rosemary; Schnadt, Joachim 

TABLE OF CONTENTS:



FUNCTIONAL MATERIALS I 17 
 
–  Vapour deposition of functional semiconductor and heterojunction (nano-)materials for gas 
sensing 

Blackman, Chris* 
 

–  Chemical vapor deposition and high-resolution patterning of a highly conductive two-
dimensional coordination polymer film 

Rubio Giménez, Víctor*; Arnauts, Giel; Wang, Mingchao; Oliveros Mata, Eduardo Sergio; 
Huang, Xing; Lan, Tianshu; Tietze, Max L.; Kravchenko, Dmitry E.; Smets, Jorid; Wauteraerts, 
Nathalie; Khadiev, Azat; Novikov, Dmitri V.; Makarov, Denys; Dong, Renhao; A 

 

–  Gradient polymer coatings deposited via initiated chemical vapor deposition (iCVD) for anti-
icing applications 

Hernández Rodríguez, Gabriel*; Coclite, Anna Maria 
 

–  ALD GST industrial processing, scaling to 300mm challenges and outcomes 
Innocent, Jerome*; Illiberi, Andrea; Givens, Michael; Sharma, Varun; Nyns, Laura; Hody, 
Hubert; Delabie, Annelies; Devulder, Wouter; Garbin, Daniele; Luca Donadio, Gabriele; 
Peissker, Tobias 

 

–  Extraordinary slippery liquid-repellent surfaces by vapor-deposition of self-assembled 
monolayers 

Ras, Robin*; Lepikko, Sakari; Morais Jaques, Ygor; Junaid, Muhammad; Backholm, Matilda; 
Lahtinen, Jouko; Julin, Jaakko; Jokinen, Ville; Sajavaara, Timo; Sammalkorpi, Maria; Foster, 
Adam 

 

 

ASD I / ORGANIC 26 
 
–  Area-selective atomic layer deposition of nitrides and oxides using small molecule 
inhibitors 

Mackus, Adriaan J.M.* 
 

–  The Importance of Small Molecule Inhibitor Dosing Conditions during Area-Selective ALD 
Studied with Infrared Spectroscopy 

Bolkenbaas, Olaf C.A.*; Maas, Joost F.W.; Merkx, Marc J.M.; Tezsevin, Ilker; Yu, Pengmei; 
Sandoval, Tania E.; Kessels, Wilhelmus M.M.; Mackus, Adriaan J.M. 

 

–  Insight into Mechanism of Area-Selective Atomic Layer Deposition of Germanium Telluride 
Sinha, Jyoti*; Delabie, Annelies; Nyns, Laura 

 

–  Bridging the Synthesis Gap: Ionic Liquids Enable Solvent-Mediated Reaction in Vapor-
Phase Deposition 

Shi, Jingwei; Seo, Seunggi; Schuster, Nathaniel; Kim, Hyungjun; Bent, Stacey* 
 

 

CHARACTERIZATION II 33 
 
–  Interface formation chemistry in ALD of charge transport layers for perovskite solar cells 

Hultqvist, Adam; Rakheja, Bhavya; Törndahl, Tobias* 



– Gas-phase reactions of Zr(tmhd)4: New insights from microreactor studies using
synchrotron radiation

Grimm, Sebastian; Hemberger, Patrick; Atakan, Burak* 

– Al2O3 growth in PMMA by SIS: in-situ thickness evolution and mass uptake investigation
Perego, MIchele; Seguini, Gabriele; Wiemer, Claudia*; Caligiore, Federica; Cianci, Elena 

– Tailoring microstructural features of industrial CVD Ti(C,N) thin hard coating
El Azhari, Idriss*; Garcìa, José; Valle, Nathalie; Barrirero, Jennifer; Pauly, Christoph; Engstler, 
Michael; Soldera, Flavio; Llanes, Luis; Mücklich, Frank 

FUNCTIONAL MATERIALS II 42 

– Towards fabrication of 1D BN/Carbon Van der Waals heterostructures by atomic layer
deposition

Hossain, Ali*; Okuno, Hanako; Journet, Catherine; Marichy, Catherine 

– ALD of Unique Magnetic Thin Films
Jussila, Topias*; Philip, Anish; Karppinen, Maarit 

– CVD processing of high quality ferromagnetic CoS2 layers
Glauber, Jean-Pierre*; Wree, Jan-Lucas; Zanders, David; Ney, Andreas; Devi, Anjana 

– Single-Step PEDOT deposition by oxidative chemical vapor deposition for opto-
electronic applications

Sekkat, Abderrahime*; Breig, Benjamin; Salemor, Diane; Poupaki, Eleni; Doxas, Panagiotis; 
Caussé, Nicolas; Vergnes, Hugues; Vahlas, Constantin; Caussat, Brigitte 

– Epitaxial LiNbO3 thin film with controlled nonstoichiometry for acoustic wave devices
Bartasyte, Ausrine*; Astié, Vincent; Boujnah, Sondes; Arapan, Lilia; Micard, Quentin; La 
Spina, Léa; Boulet, Pascal; Margueron, Samuel; Decams, Jean-Manuel 

ENERGY-RELATED APPLICATIONS AND CATALYSIS I 52 

– Interfacial Engineering of Batteries and Solar Energy Materials using Atomic Layer
Deposition

Dasgupta, Neil P.* 

– Atomic Layer Deposition of Lithium Borate and Borophosphate Thin Films for Lithium-ion
Battery Applications

Verhelle, Tippi*; Dhara, Arpan; Henderick, Lowie; Dendooven, Jolien; Detavernier, Christophe 

– Spatial ALD on porous substrates for energy applications
Frijters, Corne; Poodt, Paul* 

– Optimizing a Ni-Fe phosphate catalyst for the Oxygen Evolution Reaction using ALD



Blomme, Ruben*; Ramesh, Rahul; Henderick, Lowie; Detavernier, Christophe; Dendooven, 
Jolien 

 

 

METALS 59 
 
–  Integrity of Graphene in Functional Nanostructures Represented by Resistively Switching 
Media Grown by ALD 

Tamm, Aile* 
 

–  MOCVD of highly active metallic iridium films using new amidinate-based precursors for 
water splitting 

Boysen, Nils*; Wree, Jan-Lucas; Zanders, David; Rogalla, Detlef; Devi, Anjana 
 

–  Effect of thermal induced strain on electrical properties off-stoichiometric Cu2/3 Cr4/3O2 
delafossite 

Moreira, Marco*; Lunca Popa, Petru; Fleming, Yves; Polesel, Jérôme; Leturcq, Renaud 
 

–  Superconducting ultrathin TaCxN1-x films for quantum applications enabled by plasma-
enhanced ALD with ion-energy control 

Peeters, Silke A.*; Lennon, Ciaran T.; Hadfield, Robert H.; Verheijen, Marcel A.; Kessels, 
Wilhelmus M. M.; Knoops, Harm C. M. 

 

 

SEMICONDUCTOR AND NANOMATERIALS I  66 
 
–  Precise doping and alloying of 2D transition metal dichalcogenides using plasma-enhanced 
atomic layer deposition 

Bol, Ageeth A.* 
 

–  Advanced Process Design for Low-Temperature PEALD of 2D Transition Metal 
Dichalcogenides 

Mattinen, Miika*; Verheijen, Marcel; Kessels, Erwin; Bol, Ageeth 
 

–  Transition metal dichalcogenides grown by Direct-Liquid Injection MOCVD 
Astié, Vincent*; Wasem-Klein, Felipe; Makhlouf, Houssin; Decams, Jean-Manuel; Paillet, 
Matthieu; Landois, Périne; Juillaguet, Sandrine; Contreras, Sylvie; Voiry, Damien 

 

–  Improving Interfacial Properties of 2D Transition Metal Dichalcogenide Gate Stacks by 
GdAlOx Atomic Layer Deposition 

Lin, Zaoyang*; Wu, Xiangyu; Cott, Daire; Groven, Benjamin; Morin, Pierre; Lin, Dennis; 
Asselberghs, Inge; Delabie, Annelies 

 

 

ENERGY-RELATED APPLICATIONS AND CATALYSIS II 73 
 
–  Low-temperature CVD process for Cu2O thin-film growth: applications as photodetectors 
and HTL for solar cells 

Pellegrino, Anna Lucia*; Lo Presti, Francesca; Malandrino, Graziella 
 



– Steps towards atomic-layer additive manufacturing for rapid prototyping of solar cells
Stefanovic, Sonja; Tymek, Sarah; Kundrata, Ivan; Plakhotnyuk, Maksym; Bachmann, Julien* 

– Electric transport through CVD Molybdenum oxide films. Why these films are excellent hole 
transfer layers in organic light-emitting diodes?

Soultati, Anastasia; Filippatos, Petros-Panagis; Chroneos, Alexander; Vasilopoulou, Maria; 
Davazoglou, Dimitris* 

– Chemical deposition of Cu2O films with ultra-low resistivity: Correlation with the defect
landscape

Muñoz-Rojas, David*; Sekkat, Abderrahime; Weber, Matthieu; Rapenne, Laetitia `; Bellet, 
Daniel 

POSTER SESSION I 81 

– Transition metal oxide nanoheterostructures by hybrid CVD routes as heterogeneous
photocatalysts for air purification

Barreca, Davide*; Fragoso, Javier; Gasparotto, Alberto; Sada, Cinzia; Lebedev, Oleg I.; 
Modin, Evgeny; Pavlovic, Ivana; Sánchez, Luis; Maccato, Chiara 

– Resistive switching in memristor structures with multilayer dielectrics
Merisalu, Joonas*; Viskus, Toomas Daniel; Aarik, Jaan; Kukli, Kaupo 

– The effect of dopant element on mechanical and optical properties of Cr2O3 thin films.
Salari Mehr, Mahtab*; Aarik, Lauri; Jõgiaas, Taivo; Tarre, Aivar; Kasikov, Aarne; Mändar, 
Hugo 

– Molybdenum-carbide and tungsten-carbide CVD coatings obtained by Avinit vacuum-
plasma technologies.

Sagalovych, Olexiy V.*; Sagalovych, Vladislav V.; Dudnik, Stanislav.F.; Popov, Viktor V.; 
Popenchuk, Roman P. 

– Nano-tailored morphology of La2NiO4+δ thin films using PI-MOCVD
Stangl, Alexander; Riaz, Adeel; Rapenne, Laetitia; Panisset, Silvere; Burriel, Monica; 
Jiménez, Carmen* 

– Impact of precursor reactivity on growth of self-assembled 3D architectures
Ziegler, Mario*; Zanders, David; Ripka, Valentin; Wagner, Hanjörg; Devi, Anjana; Hübner, 
Uwe 

– Conformal and superconformal chemical vapor deposition of silicon carbide coatings
Huang, Jing-Jia*; Militzer, Christian; Wijayawardhana, Charles A.; Forsberg, Urban; 
Pedersen, Henrik 

– Encapsulating TiO2 thin films grown via Atomic Layer Deposition for biocompatible UV-
activated neuronal interfaces

El Habra, Naida*; Famengo, Alessia; Sagrini, Giacomo; Canton, Patrizia; Boldrini, Stefano; 
Ferrario, Alberto; Galenda, Alessandro; Natile, Marta Maria; Sada, Cinzia; Leparulo, 
Alessandro; Maschietto, Marta; Losurdo, Maria; Vassanelli, Stefano 



–  Synthesis of graphene nanoribbons via atmospheric-pressure CVD: understanding the 
process parameters roles through spectroscopy 

Osipov, Vasilii*; Weitkamp, Philipp; Reimer, Max; Han, Yi; Müllen, Klaus; Hertel, Dirk; 
Meerholz, Klaus 

 

–  Enhancing corrosion protection properties of steel by phase control of CVD processed ZrO2 
films 

Glauber, Jean-Pierre*; Beer, Sebastian M.J.; Samélor, Diane; Etzkorn, Johannes; Kostka, 
Aleksander; Vahlas, Constantin; Devi, Anjana 

 

–  The use of silver CVD nanostructured substrates in analysis of low molecular weight 
compounds 

Radtke, Aleksandra*; Piszczek, Piotr; Sagandykova, Gulyaim; Pomastowski, Paweł 
 

–  Ruthenium Sulfide Thin Films - a New Route via MOCVD 
Obenlüneschloß, Jorit*; Zanders, David; Wree, Jan-Lucas; Selvakumar, Ilamparithy; Devi, 
Anjana 

 

–  KNbO3 thin film growth with advanced CVD precursors 
Labbaveettil Basheer, Ishamol*; Peddagopu, Nishant; Lo Presti, Francesca; Ouhabaz, 
Merieme; Margueron, Samuel; Astié, Vincent; Decams, Jean-Manuel; Malandrino, Graziella; 
Bartasyte, Ausrine 

 

–  SALD deposition of ZnO coatings for flexible, transparent electrodes for localized heating of 
lab-on-chip devices 

Muñoz-Rojas, David*; Papanastasiou, Dorina; Sekkat, Abderrahime; Nguyen, Viet; Jimenez, 
Carmen; Bruckert, Franz; Bellet, Daniel 

 

–  Rare-earth sulfide thin films for magneto-optical applications 
Preischel, Florian*; Beer, Sebastian M. J.; Debus, Joerg; Ney, Andreas; Parala, Harish; 
Shashindra, Ravindra; Baspinar, Silan; Devi, Anjana 

 

–  Single source precursor approach towards MoS2 thin films via MOCVD 
Wilken, Martin*; Shashindra, Ravindra; Becher, Malte; Ostendorf, Andreas; Devi, Anjana 

 

–  Synthesis of Self-Cleaning Window Glass for Photocatalytic Oxidation of 𝑵𝑵𝑵𝑵𝑵𝑵: Effect of 
APCVD Synthesis Conditions 

Lin, Zhipeng*; Li, Yuankai; Kafizas, Andreas 
 

–  Vapour Phase Infiltration: an efficient strategy to tune microporous Metal Organic 
Frameworks 

Marichy, Catherine*; De, Siddhartha; Quan, Gian Co; Gikonyo, Ben; Martineau Corcos, 
Charlotte; Bousige, Colin; Veyre, Laurent; Devic, Thomas; Fateeva, Alexandra 

 

–  Atomic-molecular layer deposition of hybrid multilayers of AlN straddled with hydroquinone 
nanolayers. 

Mpofu, Pamburayi*; Rowe, Collin; Ramanath, Ganpati; Pedersen, Henrik 
 

–  Depositing ALD-oxides on MLD-metalcones: enhancing initial growth through O2 plasma 
densification. 

Santo Domingo Peñaranda, Juan*; Minjauw, Matthias M.; Vandenbroucke, Sofie Sarah Titia; 
Petit, Robin; Li, Jin; Dendooven, Jolien; Detavernier, Christophe 



 

–  Engineering Biomimetic Biocompatible and Selectively Antibacterial Ultrathin Films by 
Vapor Phase Chemistry 

Ashurbekova, Karina*; Alonso-Lerma, Borja; Ashurbekova, Kristina; Muriqi, Arbresha; 
Barandiaran, Leire; Šarić, Iva; Modin, Evgenii; Perez-Jimenez, Raul; Petravić, Mladen; Nolan, 
Michael; Knez, Mato 

 

–  MOCVD of spinel ferrite film for applications in photoelectrochemical cells 
Bombaci, Matteo*; Pellegrino, Anna Lucia; Malandrino, Graziella 

 

–  Towards perovskite solar cells made by atomic layer deposition 
Kemell, Marianna*; Popov, Georgi; Weiß, Alexander; Ritala, Mikko; Leskelä, Markku 

 

–  Atomic Layer Deposition of Li4Ti5O12: Towards High-Capacity 3D Thin-Film Batteries 
Speulmanns, Jan*; Bönhardt, Sascha; Czernohorsky, Malte; Weinreich, Wenke 

 

–  Macroscopically uniform distribution of platinum over mesoporous γ-alumina by a scalable 
atomic layer deposition process 

Saedy, Saeed*; Järvilehto, Jänis; Gonsalves, Christine; Velasco, Jorge; Grehl, Thomas; 
Brüner, Philipp; van Ommen, J. Ruud; Puurunen, Riikka L. 

 

–  Interplay between coordination sphere engineering and properties of nickel precursors for 
NiO thin films 

Benedet, Mattia*; Barreca, Davide; Fois, Ettore; Seraglia, Roberta; Tabacchi, Gloria; Roverso, 
Marco; Pagot, Gioele; Invernizzi, Cristiano; Gasparotto, Alberto; Heidecker, Alexandra; 
Pöthig, Alexander; Callone, Emanuela; Sada, Cinzia; Dirè, Sandra; Bogial 

 

–  Stabilized Aluminum Hydride Complexes as Potential Precursors for Vapor Phase 
Deposition Processes 

Huster, Niklas*; Devi, Anjana 
 

–  ZnS Buffer Layers: Novel Precursors for AA-CVD 
Robson, Max Edward* 

 

–  New Precursors to Printed Electronic Metal Oxides 
Vokes, Elinor T*; Johnson, Andrew L 

 

–  Development of Single-Source Precursors for Chemical Vapour Deposition of Lithium 
Sulfide (Li2Sx) 

Mason, Daniel M.*; Johnson, Andrew L. 
 

–  Investigation of Bismuth ALD precursors 
Charvot, Jaroslav*; Bureš, Filip 

 

 

MODELING 149 
 
–  Mechanisms of atomic level processing from first principles simulations 

Nolan, Michael*; Liu, Ji; Muriqi, Arbresha; Mullins, Rita 
 



–  Predicting microstructural changes in a CVD reactor thanks to CFD simulation of the local 
supersaturation 

Gallou, Yann*; Dubois, Marie; Reboud, Roman; Chichignoud, Guy; Potier, Alexandre; 
Hassant, Cyril; Chaussende, Didier 

 

–  Diffusion-reaction model for conformality evolution in ALD on spherical porous catalyst 
particles 

Heikkinen, Niko*; Lehtonen, Juha; Yim, Jihong; Puurunen, Riikka L. 
 

–  DFT Modeling Study: Inhibition of Silica by Small Molecule Inhibitors in the AS-ALD of 
Al2O3 

Wellmann, Philipp* 
 

 

ORGANIC AND HYBRID MATERIALS 158 
 
–  Vapor-Phase Synthesis and Modification of Porous Framework Thin Films 

Zhao, Junjie* 
 

–  Molecular layer deposition of zeolitic imidazolate framework 8 films 
Smets, Jorid*; Rubio-Giménez, Víctor; Cruz, Alexander John; Ameloot, Rob 

 

–  Towards high throughput spatial molecular layer deposition of alucone films 
Jain, Hardik; Creatore, Mariadriana; Poodt, Paul* 

 

–  Organic-Component and Ln-Ion Tailored White-Light Emitting Lanthanide-Organic Thin 
Films via ALD/MLD 

Ghazy, Amr*; Lastusaari, Mika; Karppinen, Maarit 
 

–  Organic-inorganic hybrid thermoelectric materials through a new concept of vapor phase 
infiltration (VPI) 

Ashurbekova, Kristina*; Knez, Mato 
 

 

ENERGY-RELATED APPLICATIONS AND CATALYSIS III 166 
 
–  Studying processing parameters in the CVD of TiO2 coatings on glass for NOx remediation 

Wong, Yanda; Li, Yuankai; Lin, Zhipeng; Kafizas, Andreas Georgiou* 
 

–  Protection of platinum electrocatalysts for water electrolysis using atomic layer deposition 
of silicon dioxide 

Li, Ming*; Saedy, Saeed; Kortlever, Ruud; van Ommen, Ruud 
 

–  Tin and Indium Sulfide by Plasma-Enhanced Atomic Layer Deposition for CO2 
Electroreduction 

Mathew, Femi*; Hoek, Järi Van Den; Poonkottil, Nithin; Rampelberg, Geert; Daems, Nick; 
Hereijgers, Jonas; Hens, Zeger; Breugelmans, Tom; Detavernier, Christophe; Dendooven, 
Jolien 

 



–  Effect of Processing Parameters and Electrolyte Concentration on the Electrochemical 
Performance of Spray Deposited LiFePO4 

Floraki, Christina; Androulidaki, Maria; Spanakis, Emmanuel; Vernardou, Dimitra* 
 

 

INDUSTRY 174 
 
–  Dielectric gap-fill material and process challenges for future semiconductor technology 

Sepulveda, Alfonso*; Premkumar Peter, Antony; Kumar Channam, Venkat Sunil; Morin, 
Pierre; Swerts, Johan 

 

–  Green CVD—Toward a sustainable philosophy for thin film deposition by chemical vapor 
deposition 

Pedersen, Henrik*; Barry, Seán T.; Sundqvist, Jonas 
 

 

PRECURSOR DESIGN II 178 
 
–  Designing large aromatic molecules: Bringing colour to MLD 

Hansen, Per-Anders*; Purohit, Bhagyesh; Sørensen, Silje Holm; Desbois, Nicolas; Gros, 
Claude; Nilsen, Ola 

 

–  Development of new Li-Nb precursors for DLI-CVD process of thin LiNbO3 films 
TACNET, Anthony*; BARTASYTE, Ausrine; MICARD, Quentin; DECAMS, Jean-Manuel; 
ASTIE, Vincent; DANIELE, Stephane 

 

–  Atmospheric pressure vapor phase deposition of MgF2 thin films: precursor thermal 
properties and their applications 

Lo Presti, Francesca*; Pellegrino, Anna Lucia; Muñoz-Rojas, David; Malandrino, Graziella 
 

–  Cost-analysis and optimization of ALD and CVD processes for halide perovskites 
Popov, Georgi*; Weiß, Alexander; Ritala, Mikko; Kemell, Marianna 

 

–  Alkali β-Diketonate Glyme Adducts as Precursors for alkali niobate films: Synthesis, 
Characterization and Functional Validation 

Lo Presti, Francesca; Peddagopu, Nishant; Pellegrino, Anna Lucia; Labbaveettil Basheerb, 
Ishamol; Micard, Quentin; Rossi, Patrizia; Paoli, Paola; Bartasyte, Ausrine; Malandrino, 
Graziella* 

 

 

SEMICONDUCTOR AND NANOMATERIALS II 189 
 
–  Nucleation and initial growth in CVD of epitaxial Boron Nitride 

Sharma, Sachin*; Palisaitis, Justinas; Pedersen, Henrik; Högberg, Hans 
 

–  Improving the quality of hexagonal boron nitride thin films grown on Ge(001)/Si substrates 
by CVD 

Franck, Max*; Dabrowski, Jarek; Schubert, Markus Andreas; Batista Pessoa, Walter; 
Vignaud, Dominique; Achehboune, Mohamed; Colomer, Jean-François; Henrard, Luc; 
Wenger, Christian; Lukosius, Mindaugas 



 

–  AlScN/GaN heterostructures grown by metal-organic chemical vapour deposition using 
novel Sc-Precursors 

Streicher, Isabel*; Leone, Stefano; Manz, Christian; Kirste, Lutz; Straňák, Patrik; Prescher, 
Mario; Waltereit, Patrick; Quay, Rüdiger; Ambacher, Oliver 

 

–  Group III-Nitride semiconductor materials made by low temperature plasma based Atomic 
Layer Deposition 

Adjeroud, Noureddine*; Polesel, Jérôme; Fleming, Yves 
 

–  ALD-AlOx Monolayers for Modulation-Doping of Silicon Nanowires 
Hiller, Daniel*; Nagarajan, Soundarya; Ratschinski, Ingmar; Shams, Somayeh; Mikolajick, 
Thomas; Trommer, Jens; König, Dirk 

 

 

ASD II  200 
 
–  Is HV-CVD best for all coating challenges ? 

Hoffmann, Patrik*; Szmyt, Wojciech 
 

–  Area-Selective Etching of Polymers for Self-Aligned Patterning 
Lasonen, Valtteri*; Zhang, Chao; Vehkamäki, Marko; Vihervaara, Anton; Ritala, Mikko 

 

–  Area-selective ALD involving sputter yield amplification by heavy elements 
de Jong, Arthur*; Merkx, Marc; Chittock, Nicholas; Kessels, Wilhelmus; Mackus, Adriaan 

 

–  Selective ALD-Deposition of IrOx on Platinum Neural Electrodes 
Simon, Nicolai*; Stieglitz, Thomas; Bucher, Volker 

 

 

FUNCTIONAL MATERIALS III  209 
 
–  Self-healing of Metal Oxides enabled by Vapor Phase Infiltration 

Yurkevich, Oksana; Modin, Evgeny; Saric, Iva; Peter, Robert; Petravic, Mladen; Knez, Mato* 
 

–  Thick ZrO2 thermal barrier coatings produced by DLI-MOCVD on plastic molds 
Jaud, Alexandre*; Montalban, Laura; Samélor, Diane; Sadowski, Daniel; Sekkat, 
Abderrahime; Vergnes, Hugues; Brulez, Anne Catherine; Boschard, Cédric; Vahlas, 
Constantin; Benayoun, Stephane; Caussat, Brigitte 

 

–  Y2O3 and YF3 thermal ALD for anti-corrosion coating 
Kamimura, Sunao*; Teramoto, Takashi; Ono, Takashi; Dussarrat, Christian; Blasco, Nicolas; 
Gosset, Nicolas; Nikiforov, Grigory 

 

 

DIELECTRICS I  215 
 
–  Metastable nickelates by ALD - Advantages of low temperature epitaxy 



Sønsteby, Henrik H.*; Amedjkouh, Yani L.; Verne, Mathilde I. N.; Nilsen, Ola 
 

–  Effects of Interlayer Formation by Oxidants and Substrates on Properties of ALD ZrO2 Thin 
Film 

Park, Seonyeong*; Na, Seunggyu; Lee, Yujin; Chung, Seung-min; Kim, Hyungjun 
 

–  HfZrO-based structures by ALD for embedded ferroelectric non-volatile memories 
Mallmann Tonelli, Amanda*; Mercier, Julien; François, Léonard; Gauthier, Nicolas; 
Grenouillet, Laurent; Jousseaume, Vincent; Bedjaoui, Messaoud 

 

–  Evaluation of ALD Films of Y2O3, Al2O3 and Their Combinations for Hydrogen Permeation 
Barrier Applications 

Pavel, Alexandru Cezar*; Dekkers, Harold; Morin, Pierre; Swerts, Johan; Franquet, Alexis; 
Spampinato, Valentina; Meersschaut, Johan 

 

 

POSTER SESSION II  223 
 
–  SMI layer decomposition - a theoretical investigation on the deposition of Al2O3 

Maue, Patrick*; Tonner-Zech, Ralf 
 

–  Area-selective ALD/MLD of noble metals and polyimide through surface-dependent film 
nucleation and growth 

Zhang, Chao*; Ritala, Mikko; Leskelä, Markku 
 

–  Correlating In-Situ Photoluminescence and Ellipsometry: A Novel approach to Analyze ALD 
Materials for Photovoltaic Applications 

HARADA, Nao*; LEVTCHENKO, Alexandra; COUTANCIER, Damien; DONSANTI, 
Frederique; GOFFARD, Julie; DOMENEGHETTY, Corentin; GUILLEMOLES, Jean-François; 
SUCHET, Daniel; DELPORT, Géraud; SCHNEIDER, Nathanaëlle 

 

–  Electronic structure, optical and electrical properties of APCVD SnO2 films. Influence of 
thermal cycling 

Petaroudis, Christos; Ioannis, Kostis; Filippatos, Petros-Panagis; Chroneos, Alexander; 
Soultati, Anastasia; Vasilopoulou, Maria; Davazoglou, Dimitris* 

 

–  Thin film conformality characterization using imaging spectroscopic ellipsometry with the 
PillarHall LHAR-method 

Philip, Anish*; Mirhamed, Arash; Kinnunen, Jussi; Utriainen, Mikko 
 

–  In Vacuo XPS Study of Al2O3 ALD Deposition Processes on GaN 
Vandenbroucke, Sofie S. T.*; Treidel, Eldad B.; Tadmor, Liad; Brusaterra, Enrico; Plate, Paul; 
Bickel, Nicole; Brunner, Frank; Würfl, Joachim; Hilt, Oliver; Dendooven, Jolien; Detavernier, 
Christophe 

 

–  Specific characterization of III-nitride thin film deposits by Plasma Enhanced Atomic Layer 
Deposition 

Fleming, Yves*; Philippe, Adrian-Marie; Guillot, Jérôme; Vergne, Christèle; Adjeroud, 
Noureddine; Polesel, Jérôme 

 



–  Characterization Method of Sticking Probability for Various ALD Chemistries Relevant for 
Artificial Solid Electrolyte Interphases 

Lapeyre, Léo*; Mackosz, Krzysztof; Szmyt, Wojciech; Laszlo, Pethö; Michler, Johann; 
Raynaud, Patrice; Utke, Ivo 

 

–  Alumina layer deposited by atomic layer deposition with different precursors for different 
microelectronic application 

Dill, Pauline*; Kolkovsky, Vladimir; Franz, Mathias 
 

–  In-situ investigation of the physico-chemical mechanisms driving Al2O3 growth into PMMA 
during sequential infiltration synthesis 

Motta, Alessia*; Seguini, Gabriele; Wiemer, Claudia; Perego, Michele 
 

–  Evidence of a twin mediated growth in CVD of polycrystalline silicon carbide (3C-SiC) 
Gallou, Yann*; Dubois, Marie; Potier, Alexandre; Chaussende, Didier 

 

–  Comprehensive study of the early growth stages of copper films 
Maćkosz, Krzysztof*; Minzoni, Camilla; Szkudlarek, Aleksandra; Klejna, Sylwia; Sikora, 
Marcin; Utke, Ivo 

 

–  High resolution imaging optical thickness metrology for ALD 
Sütő, Attila*; Binderiya, Oyunbolor; Defranoux, Christophe 

 

–  Ion beam analysis of ALD and CVD thin films and nanostructures 
Meersschaut, Johan* 

 

–  Development of a cobalt atomic layer deposition process using Co2(CO)6HC≡CC5H11 as 
precursor 

Franz, Mathias*; Daniel, Marcus; Schulz, Stefan E. 
 

–  Conformality of plasma-enhanced atomic layer deposition of silver films into lateral high 
aspect ratio microstructures 

Leturcq, Renaud*; Wack, Sabrina; Lunca Popa, Petru; Adjeroud, Noureddine; Vergne, 
Christèle 

 

–  Growth and Nucleation Study of ALD Copper Thin Films 
Minzoni, Camilla*; Mackosz, Krzysztof; Utke, Ivo; Hoffmann, Patrik; Sikora, Marcin 

 

–  Twovalent Ru diazadienyls: A promising precursor class for the MOCVD of low resistivity 
thin films 

Zanders, David*; Obenlüneschloß, Jorit; Huster, Niklas; Gock, Michael; Unkrig-Bau, Michael; 
Devi, Anjana 

 

–  Scanning-Tunneling Microscopy Simulation through an Online Platform 
Engelund, Mads*; Kharitonov, Stanislav; Graf, Georg; Laubenthal, Horst 

 

–  The automatic modelling system for reaction mechanisms using multi-objective 
optimization algorithms 

Takahashi, Takahiro*; Arai, Tenichiro; Kubota, Shinsuke; Nakazawa, Eisuke 
 



–  Using SOLIDWORKS Simulation to optimise the deposition pattern of a combinatorial air 
pressure CVD 

Li, Yuankai* 
 

–  Flash lamp enabled atomic layer deposition of titanium oxide employing titanium 
isopropoxide as single-source precursor 

Cui, Yuanhe*; Deltschew, Rumen; Mikolajick, Thomas; Knaut, Martin 
 

–  Mechanical Behavior upon Annealing-induced Blistering of Atomic Layer Deposited Alumina 
Thin Film Layered with Tantala 

Piirsoo, Helle-Mai*; Jõgiaas, Taivo; Kukli, Kaupo; Tamm, Aile 
 

–  Minority carrier lifetime of more than 1.2ms for commercial Cz-Si(111) wafers, through ALD 
Al2O3 passivation 

Dsouza, Namitha*; Singh, Ashish K; Maurya, Rajesh; Rath, Jatindra K 
 

–  Wafer scale growth of transition metal dichalkogenide films by MOCVD 
Pasko, Sergej*; Krotkus, Simonas; Mischke, Jan; Ounis, Moez; Tang, Haonan; Wockel, 
Cornelia; Henning, Alexander; Heuken, Michael 

 

–  Titanium Nitride Thin Film Fabricated by Atomic Layer Deposition with Hydrazine and Metal-
Organic Precursors 

Spiegelman, Jeffrey* 
 

–  Functionalization of gCN-based electrocatalysts with metal and metal oxide nanoparticles 
for the enhancement of OER 

Benedet, Mattia*; Barreca, Davide; Gasparotto, Alberto; Rizzi, Gian Andrea; Maccato, Chiara 
 

–  Development of Ternary ALD Chalcogenides for Memory Applications 
Peissker, Tobias*; Devulder, Wouter; Pallem, Venkateswara R.; Girard, Jean-Marc; Nyns, 
Laura 

 

–  Nucleation and initial growth stages of MoS2 by plasma ALD 
Schulpen, Jeff J.P.M.*; Kessels, Wilhelmus M.M.; Bol, Ageeth A. 

 

–  Fast Plasma ALD for Quantum: Superconducting NbN 
Besprozvannyy, Dmytro*; Powell, Michael; Bailey, Louise; Knoops, Harm; Kurek, Agnieszka; 
Renzas, Russ; Newton, Andrew 
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–  Atomic Layer Deposition of Functional Complex Oxides for Next-generation Electronics? 

Napari, Mari*; Caruana, Andrew; Heikkilä, Mikko; Huotari, Simo; Julin, Jaakko; Kinane, 
Christy; Kinnunen, Sami; Mustonen, Otto; Stenning, Gavin 

 

–  Plasma Enhanced-Atomic Layer Deposition of nanolaminates and nanocomposites 
Al2O3/HfO2 layers on wide band gap semiconductors 



Galizia, Bruno*; Fiorenza, Patrick; Schilirò, Emanuela; Greco, Giuseppe; Di Franco, 
Salvatore; Saggio, Mario; Giannazzo, Filippo; Roccaforte, Fabrizio; Malandrino, Graziella; Lo 
Nigro, Raffaella 

 

–  Tuning the crystallinity of Boron Nitride using Chemical Vapor Deposition 
Souvignet, Thomas*; Toury, Bérangère; Journet, Catherine; Marichy, Catherine 

 

–  Comparison of Thermal and Plasma Enhanced ALD growth of Al2O3/AlN dielectric stacks on 
silicon carbide 

Lo Nigro, Raffaella*; Galizia, Bruno; Fiorenza, Patrick; Schilirò, Emanuela; Greco, Giuseppe; 
Fogarassy, Zsolt; Pecz, Bela; Malandrino, Graziella; Saggio, Mario; Giannazzo, Filippo; 
Roccaforte, Fabrizio 
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–  Synthesis of mixed anion oxynitride thin films as visible light active self-cleaning 
photocatalytic coatings 

Hyett, Geoffrey*; Cosham, Samuel; Kulak, Alexander; Iborra-Torres, Antonio; Rees, Kelly; 
Kaye, Karl; Platt, Nathanya 

 

–  Stimuli-responsive thin films and their applications as actuators and on-skin sensors 
Coclite, Anna Maria* 

 

–  Competitive diffusion as a route to enhance step coverage in CVD 
Choolakkal, Arun Haridas*; Niiranen, Pentti; Högberg, Hans; Birch, Jens; Pedersen, Henrik 

 

–  Superconductivity in Chromium Oxide Thin Films Embedding Silver 
Otsus, Markus*; Kunakova, Gunta; Jõgiaas, Taivo; Erts, Donāts; Kozlova, Jekaterina; Kukli, 
Kaupo; Tamm, Aile 

 

–  Novel metal-polymer interface engineering via combined atomic layer and physical vapor 
deposition 

Byloff, Johanna*; Renault, Pierre-Olivier; Faurie, Damien; Husain, S. Altaf; Edwards, Thomas 
E. J.; Putz, Barbara 
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Small Molecule Inhibition on Surfaces: The Role of Carbenes and 
Other Ligands 

 
Seán T. Barrya,*, Paul J. Ragognab, Cathleen M. Cruddenc 

 
a Carleton University, 1125 Colonel By Drive, Ottawa, ON, K1S 5B6, Canada 
b Western University, 1151 Richmond Street, London ON, N6A 3K7, Canada 
c Queen’s University, 99 University Avenue, Kingston ON, K7L 3N6, Canada 

     
 
Carbenes are unusual ligands in metal-organic chemistry: they are neutral ligands bearing a carbon 
with a lone pair of electrons. They have a unique bonding mode that is particularly selective for coinage 
metal ions (Cu, Ag, Au) and metallic surfaces. We have been working on carbenes to be used as small 
molecule inhibitors for area-selective deposition. 
Generally, carbenes are difficult to isolate, and we have overcome this by generating the free carbene 
in the gas phase through thermal fragmentation of an imidazolium bicarbonate (Figure 1a). These are 
independent thermodynamic events that occur prior to the evaporation (Figure 1b). 
 
  
a) 

 

b) 

 
 
Figure 1. Generation of a free carbene in the gas phase by thermal fragmentation. a) Step-wise 
evolution of water and then carbon dioxide from an imidazolium bicarbonate, b) Thermogravimetric 
analysis highlighting the stepwise fragmentation to produce volatile carbene. 
 
The carbenes that are generated bind specifically to metal surfaces, leaving dielectric surfaces 
unmasked. The carbene is a strong “sigma-donor” due to hyperconjugation of the central carbene by 
the adjacent nitrogen electrons (Figure 2a). This selectivity can be seen on Si/SiO2 wafers patterned 
with metal lines (Figure 2b). 
 
a)  

 

b)  

 
 
Figure 2. Generation of a free carbene in the gas phase by thermal fragmentation. a) Step-wise 
evolution of water and then carbon dioxide from an imidazolium bicarbonate, b) Thermogravimetric 
analysis highlighting the stepwise fragmentation to produce volatile carbene. 
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An overview of the carbene ligand will be discussed, and a summary of preceding precursors and 
processes where carbenes appear will be presented. Recent results of carbene surface chemistry will 
be compared to small molecule inhibition results from the literature, and selectivity and coverage will 
be shown as characterised by X-ray photoelectron spectroscopy, time-of-flight secondary ion mass 
spectrometry, and quartz crystal microbalance analysis. 
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From Molecules to Materials: Precursor Design for the Deposition 
of Conductive Metals 

 
Caroline E. Knappa* 

 
a Department of Chemistry, University College London, 20 Gordon Street, London, WC1H 0AJ 

 
With the market for inorganic electronics predicted to reach $60 billion by 2030, advances in the 
manufacture of large scale flexible electronics has resulted in the efficient, environmentally friendly roll 
to roll process, employing inkjet printing. This leap in technology has come hand-in-hand with the 
requirement for precursors that will decompose cleanly, at low temperature and high speed. The Knapp 
group are working to create ‘metal-organic decomposition (MOD) inks’ that can be deposited in air, then 
treated at temperatures below 200 °C, to give conductive metallic features.[1] 
 
Recent work has highlighted that the careful selection of ligands can aid reduction of the metal 
complexes to leave conductive metals (e.g. Cu, Ag, Al).[2-4] Facile formulation of these compounds 
into inks allows for inkjet printing and subsequent low temperature reduction (via thermal sintering) 
yielding highly conductive features which can be incorporated into electronic devices. MOD inks are an 
emerging alternative to the industrial standard nanoparticle (NP) inks. 
 
Here we discuss the chemistry of precursor development and report our work on printed metal tracks. 
Using careful ligand design we can attune the properties of the resultant precursor at the molecular 
level, making precursor functionality fully adjustable. We describe the synthesis, characterisation and 
printing of a library of novel compounds; selected to produce various deposits fulfilling the required 
specification – with particular focus on sintering methods, including thermal and plasma enhanced. 
 

Figure 1: MODs vs. NP: From the centre, schematic illustration showing the different synthetic routes 
to either NP (to the left) or MOD precursors (to the right), bookended by the process involved in 
printing and sintering metal coatings.[1] 
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1. S. P. Douglas, S. Mrig, C. E. Knapp. MODs vs. NPs: Vying for the Future of Printed Electronics. Chemistry–

A European Journal, (2021), 27, 31, 8062-8081. 
2. S. P. Douglas, C. E. Knapp. Low Temperature Deposition of Highly Conductive Aluminium Metal Films on 

Flexible Substrates using Liquid Alane MOD Precursors. ACS Appl. Mater. Interfaces. (2020), 12, 26193. 
3. C. E. Knapp, E. A. Metcalf, S. Mrig, C. Sanchez‐Perez, S. P. Douglas, P. Choquet, N. D. Boscher. 

Precursors for Atmospheric Plasma‐Enhanced Sintering: Low‐Temperature Inkjet Printing of Conductive 
Copper. Chem. Open, (2018), 7, 850. Cover feature. 

4. C. E. Knapp, J.‐B. Chemin, S. P. Douglas, D. Abessolo Ondo, J. Guillot, P. Choquet, N. D. Boscher. Room‐
Temperature Plasma‐Assisted Inkjet Printing of Highly Conductive Silver on Paper. Advanced Mater. 
Technol. (2018), 3, 1700326. 
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New non-Pyrophoric metalorganic precursors for                 
CVD and ALD of IGZO  

Marcel Schmicklera,*, Florian Preischela, David Zandersa, Jacqueline Klimarsa, Anjana Devia 

a Inorganic Materials Chemistry, Ruhr University Bochum, Universitätsstraße 150, Bochum, 44801, Germany 

 

Indium-gallium-zinc oxide (IGZO) is a transparent, flexible semiconductor with excellent field-effect 
mobility. Since Nomura et al. reported the first fabrication of a flexible thin film transistor (TFT) using 
IGZO as active layer in 2004, it has become a frequently used material for screens, displays, OLEDs, 
and sensors etc.[1,2] Physical vapor deposition (PVD) methods are commonly used to deposit uniform 
IGZO thin films on a large scale at low costs.[2] Yet, PVD deposition techniques are not suitable for 
complex surfaces due to their line-of-sight feature, and instead, chemical vapor deposition (CVD) and 
atomic layer deposition (ALD) processes are favored. Notably, CVD and ALD alike rely strongly on the 
precursors used in the respective process as chemical surface reactions enable film growth.  

The predominantly used precursors for group III element oxides (Ga2O3, In2O3) and zinc oxide (ZnO) 
are the respective alkyls namely TMG, TMI, and DEZ. Although volatile and reactive, these precursors 
suffer from high pyrophoricity, and thus special measures are needed to handle them. Schumann et al. 
developed the synthesis for a series of volatile and less pyrophoric group III metal-organic complexes 
using the (3-(dimethylamino)propyl (DMP) ligand in the early 1990s.[3] This ligand can intramolecularly 
coordinate and thus stabilize otherwise highly reactive metal centers. Mai et al recently unearthed this 
work and successfully applied DMP containing Al complexes for ALD of Al2O3.[4] In addition, Mai and 
Zanders et al. used this ligand to synthesize and apply [Zn(DMP)2] and [Sn(DMP)4] in ALD.[5,6,7] 

Following the notable success of our previous studies with the use of the DMP ligand, we extended the 
concept of intramolecularly stabilizing ligands to the main group metals namely gallium and indium, 
resulting in the synthesis of a series of promising precursor candidates with heteroleptic ligand 
combinations. The synthesis of (3-(dimethylamino)propyl)dimethyl gallium ([Ga(DMP)Me2]) is one 
representative example. Other new complexes include [Ga(DMP)H2] and [InMe(DMP)2]. The thermal 
properties of these compounds were investigated via thermogravimetric analysis (TGA), revealing 
promising thermal properties (Figure 1). In this presentation, we focus on gallium and indium complexes 
that are promising precursor candidates for gas-phase deposition methods, potentially advancing the 
development of IGZO applications. 

5



Figure 1: Thermogravimetric analysis of [Ga(DMP)H2] (black), [Ga(DMP)Me2] (red), [InMe(DMP)2] (blue), 
[Sn(DMP)4] (green) and [Zn(DMP)2] (violet) 

References 
1. K. Nomura et al., Nature 432, 488 (2004).
2. Y. Zhu et al., J. Semicond. 42, 31101 (2021).
3. H. Schumann et al., Polyhedron 9, 353 (1990).
4. L. Mai et al., Chem. Eur. J. 23, 10768 (2017).
5. D. Zanders et al., Chem. Mater. 33, 5045 (2021).
6. L. Mai et al., Small, 16, e1907506 (2020).
7. L. Mai et al., ACS Appl. Mater. Interfaces 11, 3169 (2019).

* Corresponding author e-mail:  marcel.schmickler@rub.de

6

mailto:marcel.schmickler@rub.de


New Precursors for the Atomic Layer deposition of p-type SnO. 
 

Andrew L. Johnson 
 

a Department of Chemistry, University of Bath, Bath. United Kingdom 
 

 
Over the past decade, significant research effort has been directed towards the development of p-type 
oxide semiconductor materials for realization of complementary metal oxide semiconductor (CMOS) 
circuits. Of the potential p-type oxide materials researchers have investigated tin(II) monoxide (SnO) 
has received the great interest due to it disperse valence band maximum due to hybridization between 
O 2p and Sn 5s orbitals, allowing a relatively high hole mobility [1]. While sputtering method has been 
widely used for SnO, atomic layer deposition (ALD) has not been widely reported [2].  
 
Despite the attractiveness of ALD as a deposition technique, due to its precision on stoichiometry, its 
repeatability and its conformality over a large substrate area [3], its application is often limited by the 
availability of viable precursors. In the case of SnO, very few ALD precursors are available. As such, 
the design of new precursors is fundamental to the progression of ALD, with feature such as increased 
volatility, reactivity, durability, alongside faster growth rates all seen as important features in precursor 
development. 
  
Here we report our recent work on the development of SnO precursors, for application in spatial ALD 
(sALD) and temporal ALD processes.[4,5] As an example, we have recently we have described the 
application of the novel liquid precursor tin(II)-bis(tert-amyloxide), i.e. [Sn{OCMe2Et}2]2  (Sn(TAA)2) in 
the deposition of SnO thin films, using the novel Sn precursor (with H2O as a co-reactant) in a cross-
flow wafer scale ALD reactor. Compared to previously reported temporal ALD precursors and 
chemistries for the deposition of SnO, deposition rates of up to 19.5 times higher are obtained using 
Sn(TAA)2 as a precursor in combination with atmospheric pressure sALD (Fig 1). This serves to 
highlight the vital importance of precursor development in the establishment of ALD as a viable industrial 
process. 

 
Figure 1: A plot showing the growth per cycle (GPC) of SnO as function of the overall exposure time, 
using Sn(TAA)2 (red-circles), Sn(dmamp)2 (black-squares) and H2O as a co-reactant, at a deposition 

temperature of 160 °C in a sALD process. 
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1. (a) Z.-W. Shang, H.-H. Hsu, Z.-W. Zhang, C.-H. Cheng, Nanotechnology Reviews, 8, 422-443 (2019). (b) A. 

L. Johnson, J. D. Parish, "Recent developments in molecular precursors for atomic layer deposition", 
Organometallic Chemistry: 2018, Volume 42, (Eds., N.J. Patmore, P.I.P. Elliott). 

2. J. H. Han, Y. J. Chung, B. K. Park, S. K. Kim, H.-S. Kim, C. G. Kim, and T.-M. Chung, Chemistry of 

Materials, vol. 26, no. 21, pp. 6088-6091, 2014. 
3. P.O. Oviroh, R. Akbarzadeh, D. Pan, R.A.M. Coetzee, T.C Jen, Sci. Technol. Adv. Mater., 20(1), 465-496 

(2019). 
4. A. Mameli, J.D. Parish, T. Dogan, G. Gelinck, M. W Snook, A.J. Straiton, A.L Johnson, A.J Kronemeijer, Adv. 

Mater. Interfaces, 9(9) (2022) 2101278. 
5. N.C.A van Fraassen, K.M, Niang, J.D. Parish, J.D. A.L. Johnson, A.J. Flewitt, Sci Rep 12, (2022) 16111. 
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Iron and and cobalt second-generation precursors  
for the vapor-phase deposition of Fe2O3 and Co3O4 systems 

 
Davide Barreca,a Roberta Seraglia,a Christian Jandl,b Alexander Pöthig,b  

Ettore Fois,c Gloria Tabacchi,c Marco Roverso,d Sara Bogialli,a,d  
Emanuela Callone,e Sandra Dirè,e Alberto Gasparotto,a,d Chiara Maccatoa,d,* 

 
a CNR-ICMATE and INSTM, Department of Chemical Sciences, Padova University,  

Via Marzolo 1, 35131 Padova, Italy 
b Catalysis Research Center & Department of Chemistry, Technische Universität München,  

Lichtenbergstr. 4, 85748 Garching, Germany 
c Department of Science and High Technology, Insubria University and INSTM,  

Via Valleggio 11, 22100 Como, Italy 
d Department of Chemical Sciences, Padova University and INSTM, Via Marzolo 1, 35131 Padova, Italy 

e Klaus Müller Magnetic Resonance Laboratory, Department of Industrial Engineering,  
Trento University, Via Sommarive 9, 38123 Povo (TN), Italy 

 
The importance of metal oxides nanostructures as versatile multi-functional systems is mainly due to 
their considerable potential in view of various technological end-uses. In particular, low-cost iron and 
cobalt oxides feature a rich variety of chemico-physical properties paving the way to manifold 
applications, among which magnetic systems, gas sensing devices, photocatalysts for pollutant 
degradation, and water splitting photoelectrodes for clean H2 production [1,2]. Among the possible 
synthetic approaches for their production in the form of thin films/supported nanosystems, chemical 
vapor deposition (CVD) is an appealing choice thanks to its inherent versatility and the possibility of 
finely tuning the resulting material characteristics through tailored variations of processing parameters. 
Yet, its successful implementation is critically dependent on the availability of improved precursors with 
good stability under manipulation and vaporization conditions, suitable volatility and reactivity, and 
sufficient temperature window between volatilization and decomposition.  
In this context, the present contribution is focused on the preparation, chemico-physical characterization 
and functional validation of heteroleptic diketonate diamine adducts of general formula M(tfa)2TMEDA 
[M = Co(II), Fe(II); tfa = 1,1,1-trifluoro-2,4-pentanedionate; TMEDA = N,N,N’,N’-
tetramethylethylenediamine]. Both complexes have been subjected to a thorough investigation of their 
structural, electronic, thermal and fragmentation properties by an integrated theoretical-experimental 
approach [1,2]. The obtained compounds, monomeric and characterized by a fully saturated M(II) 
octahedral coordination sphere (Figs. 1a, 2a), feature a high stability to air and moisture under 
laboratory conditions and a quantitative vaporization at moderate temperatures (Fig. 1b). Electrospray 
ionization-high resolution mass spectrometric (ESI-HRMS) data evidenced a clean fragmentation, 
dominated by the loss of the tfa radical and the TMEDA radical cation from the radical molecular ion 
(Figs. 2b-c). Overall, these features render the target compounds attractive candidates for the vapor 
phase growth of the corresponding metal oxide nanomaterials. In fact, thermal CVD validation 

processes yielded high purity -Fe2O3 and Co3O4 nanosystems, which were fully characterized from a 
structural, compositional and morphological point of view (Figs. 1c, 2d-e). Photoelectron spectroscopy 
analyses highlighted the surface occurrence of adventitious carbon and chemisorbed carbonates 
(bands at 284.8 and 288.0 eV, Fig. 2e), that could be easily removed upon erosion. The O1s signal 
resulted from the contribution of lattice oxygen and of hydroxyl species chemisorbed on O defects 
(bands at 529.9 eV and 531.6 eV, Fig. 2f). The data confirmed the successful obtainment of phase-
pure systems free from other Fe or Co oxides in appreciable amounts (Fig. 2g). Taken together, the 
present results open the door to further fundamental and applicative research developments. The 
promising physico-chemical properties of the proposed compounds render them attractive candidate 
as precursors even for atomic layer deposition (ALD) processes. In addition, efforts will be dedicated to 
an advanced optimization of the deposition process through controlled variations of chemico-physical 
properties, aimed at tailoring material functional behaviour, in particular towards the obtainment of 
heterostructured/composite systems for energy and environmental applications. 
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Figure 1. (a) Molecular structure of Fe(tfa)2TMEDA. (b) Thermoanalytical characterization of 
Fe(tfa)2TMEDA. (c) FE-SEM micrographs for a representative Fe2O3 sample grown on Si(100) at 500°C 
in O2+H2O atmosphere [1]. 

 

Figure 2. (a) Molecular structure of Co(tfa)2TMEDA. (b) Positive ion ESI-HRMS spectrum of 
Co(tfa)2TMEDA in acetonitrile solution. (c) ESI-HRMS2 mass spectrum of the ion at m/z = 481.0954. (d) 
X-ray diffraction (XRD) patterns of Co3O4 films grown under a wet O2 atmosphere. X-ray photoelectron 
spectroscopy (XPS) analysis for a sample grown at 400°C in the same reaction environment: C1s (e), 
O1s (f), and Co2p (g) peaks [2]. 
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Real-time monitoring of the surface chemistry of ALD processes by
ambient pressure x-ray photoelectron spectroscopy

Joachim Schnadta,*

a Lund University, Department of Physics and MAX IV Laboratory, Box 118, 221 00 Lund, Sweden

Today, atomic layer deposition (ALD) is one of the primary methods for the deposition of ultrathin films
with atomic-scale precision [1-3]. At the same time, important aspects of the underlying surface
chemistry remain unclarified for many ALD processes [4,5]. The time-resolved monitoring of ALD
processes, e.g. by quartz crystal microbalance measurement [6], quadrupole mass spectrometry [7],
pyroelectric calorimetry [8] and ellipsometry [9], can provide much deepened insight into ALD surface
reaction mechanisms. Only relatively recently, two chemically sensitive methods for the time-resolved
characterisation of ALD processes have been become available, namely infrared spectroscopy [10] and
ambient pressure x-ray photoelectron spectroscopy (APXPS) [11-14]. These two methods are capable
of following the ALD surface chemistry in real time and at processing pressures equal or similar to those
in an ALD reactor. Indeed, while conventional x-ray photoelectron spectroscopy (XPS) is limited to
vacuum pressures of 10-5 mbar and below, APXPS can be carried out at realistic pressure. Today, most
APXPS machines can operate at pressures up to the 10 mbar regime, which is an ideal match to the
pressure regime used in standard ALD reactors.

In my presentation, I would like to show how the use of time-resolved APXPS, not least when combined
with theoretical calculations, can contribute to the understanding of ALD reaction mechanisms, taking
as example the ALD of hafnium and titanium oxides from amido complexes and water on a variety of
different supports. From time-resolved APXPS data such as shown in Fig. 1 detailed insight can be
gained into the nature of surface species, that may or may not be in agreement with widely accepted
reaction schemes, and their time evolution. Likewise, information is provided on the presence or

absence of oxygen ion transport
and its relevance for the oxide
ALD. General findings from our
APXPS studies include that
reaction pathways exist that are
not included in the standard
models of ALD surface chemistry
(cf. Fig. 2) [13,14], that surface
hydroxylation is not a prerequisite
for oxide ALD to take place
[13,14], and that on reducible
support oxygen transport may
play a major role for the oxide
formation of the initial phases of
ALD [12,13].

Already today, APXPS is a
powerful tool for the study of the
ALD surface chemistry. In my
presentation I will also address
current efforts to render the
experimental conditions of
APXPS even more similar to
those encountered in ALD
reactors. These efforts include, in
particular, the development of
dedicated setups for APXPS
investigations [15] as well as the
development of time-resolved
APXPS experiment with a high
sampling rates beyond the Hz

Fig. 1. Series of O 1s, N 1s, C 1s, Si 2p and Hf 4f APXPS data
measured during the first half-cycle of ALD of hafnium oxide from
tetrakis(dimethylamido) hafnium and water on a SiO2 surface [14]. The
different core levels were measured in sequence, and a full set of
spectra was obtained during 13 s. (a−e) Image plots of the indicated
core levels. The intensity is represented by a false color scale, where
violet represents maximum and red minimum intensity. The times of
TDMAHf dosing (pulses P1 and P2) and pump-out (Ev.) are indicated.
(f−j) Selected spectra as indicated by the numbered dashed lines in
(a−e).
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rates achieved already today [16]. Work is
also underway that  addresses other ALD
processes, including, e.g. metal ALD and
photo-ALD.

Hence, APXPS provides us with entirely
new insight into the surface reaction
mechanisms of ALD, well needed for the
future optimization of ALD materials and
processes.
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Fig. 2. DFT calculations of bimolecular reaction paths in the
ALD of HfO2 on SiO2 [14]. On the stoichiometric SiO2 surface,
which cannot be hydroxylated, the depicted reaction
mechanisms represent the only viable pathways towards
ALD. Kinetic modelling shows that these pathways are
realistic at reaction temperature, in spite of relatively high
activation barriers. Once sufficient hydroxylation of the
deposited Hf layer is achieved, a ligand exchange reaction
mechanism becomes more favourable.
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Deposition of metallic films by CVD typically require a reducing agent to supply electrons to reduce the 
metal center of the precursor molecule. For more electropositive metals, the reduction of the metal 
center is thermodynamically unfavorable, requiring strong reducing agents and/or high temperatures. 
Very strong reducing agents for electropositive metals are scarce and are, per definition, highly reactive 
and can thus be challenging to synthesize, handle and scale up to mass production. As an alternative, 
a plasma discharge has been used as a source of electrons for reduction of Fe, Co, and Ni in CVD, 
where the deposition process has been shown to be selective to low resistivity areas. [1,2] 
  
While the process has been demonstrated, little understanding of its mechanisms has been uncovered. 
In this contribution we address two key research challenges: 1) identification of growth mechanisms, 
and 2) characterization of the electron dynamics. The film growth has been studied using a new 
electrically modified quartz crystal microbalance (QCM) sensor, capable of allowing a flux of negative 
charge carriers (e.g., electrons) to the surface of the QCM, while still studying the film growth.[3] By 
time-resolving the deposition with the QCM, i.e., temporally resolving the precursor flow and the plasma 
pulses, we are able to separate the adsorption step and the reduction step, which generates sequences 
that appears to resemble saturation in the surface chemistry. This approach also gives us knowledge 
in what is going on in the deposition chamber during the plasma exposure. Additional studies of the film 
growth were carried out through optical emission spectroscopy (OES), which showed emission lines 
corresponding to Co, Fe, Ni and also C2 and CO species which appears to be plasma power dependent. 
To study the gas composition during film deposition, a quadrupole mass spectrometer (QMS) was 
connected to the exhaust of the deposition chamber. Through the QMS we were able to detect both the 
unreacted precursor and fragments originating from it and by time-resolving the process, we were able 
to distinguish between fragments originating from plasma volume reactions and those from surface 
chemical reactions.   
 
To characterize the electron dynamics, we carried out measurements through a radio frequency 
Sobolewski probe and observed that the electron density and electron temperature is affected by the 
introduction of precursor to the deposition chamber. Spatial variations of the electron temperature and 
electron density has also been observed.  
 
To further improve this process, it is critical for us to understand the deposition chemistry. Because of 
this, we believe that the combination of these kind of measurements provides pieces of the deposition 
chemical puzzle and will be combined with theoretical studies of the precursor decomposition and 
surface chemistry.  
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In this comparative work, we quantitatively elucidated and compared the hydrogen source in the atomic 
layer deposition (ALD) of ZnO, TiO2 and Al2O3. The precursors diethylzinc Zn(C2H5)2 (DEZ), titanium 
tetraisopropoxide Ti(OC3H7)4, (TTIP), and trimethyl Al(CH3)3, (TMA), were cycled with water at different 
temperatures (40 °C – 220 °C), to study the impact on the overall chemical composition and density. 
We replaced the 1H2O precursor with deuterated water (2H2O) to use as a tracer and distinguish 
between the incorporated hydrogen coming from unreacted metal precursor ligands or hydroxyl (2HO) 
groups from 2H2O. Hydrogen content, stoichiometry, and density of the films were characterized as a 
function of growth temperature. Fig. 1 shows elastic recoil detection measurements with helium ions 
(He-ERDA) and contextualizes our results with respect to the hydrogen content reported in literature for 
all three metal oxides. The hydrogen concentration decreases by increasing temperature, and the total 
hydrogen content in Al2O3 is significantly higher than the other metal oxides, reaching up to ~20 at.% 
at temperatures below 100 °C, compared to 10 at.% from TiO2 and ~7 at.% from ZnO. Fig. 2a details 
that the major source of hydrogen in Al2O3 comes from unreacted water hydroxyl groups 2HO that 
remained inside the film due to steric hindrance mechanisms, predominantly at low temperatures. For 
ZnO we observed a 1H/2H ratio of about 6:1 (6at.% vs 1at.%) and for TiO2 1:1 (5at. % each) at the 
lowest growth temperatures, indicating that part of the H may originate from the organic ligands. 
However, the film carbon content does not match the amount of H that could be incorporated by 
unreacted CH3 groups. We therefore assume that deuterium 2H was replaced through exchange 
reactions with 1H from ambient moisture in the time period between deposition and ERDA 
measurements.  
Furthermore, the off-stoichiometry of the oxides scales directly and the film density scales inversely 
with the hydrogen content (not shown). The magnitude of hydrogen and carbon contamination is 
ZnO < TiO2 < Al2O3. The same applies for the off-stoichiometry and density. The observed trends do 
not scale with the number of ligands in the precursor molecules (2 vs 4 vs 3) nor with the number of C 
and H contained in the molecules (4&10 vs 12&28 vs 3&9). Associating unreacted hydroxyl groups due 
to steric hindrance with the shape of the molecules does not seem to fully explain the behaviour either: 
DEZ as pseudo linear molecule has least steric hindrance, the TTIP is 3D with potentially highest steric 
hindrance, while the TMA monomer is pseudo planar (potentially less hindrance than TTIP). Below 
75°C the 3D dimer (TMA)2 is dominant in the gas phase and is probably comparable to TTIP in steric 
hindrance.    
We will discuss further Al2O3 ALD experiments performed using thermal and plasma enhanced (PE) 
ALD in an ALD system from Swiss Cluster (SC-1), equipped with a larger purging capacity which can 
efficiently purge with higher flows and lower pressures. These films show considerably lower hydrogen 
content <4at.% in the films at 50°C, see Fig. 3. This points towards desorption of water from the surface 
as limiting factor/source for hydrogen incorporation in the films. This mechanism was evoked only 

recently in the scope of spatial ALD [9] and seems to be controllable by adjusting purge gas flow 
properly.  
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Fig 1. The hydrogen content of ZnO, TiO2, and Al2O3 for different deposition temperatures. References 
for ZnO [1-5], TiO2 [6,7], and Al2O3 were adapted from [8]. Data of this work show the H+D content 
since deuterated water was used; H and D stand for hydrogen 1H and deuterium 2H, respectively. 
 
 

 
 

Fig 2. Comparison of the chemical composition between ZnO, TiO2, and Al2O3 films at different 
deposition temperatures using D2O as the second precursor. (a) He-ERD values of the concentrations 
of H and D, and heavy ion ERDA values of C content at different temperatures. 
 
 

 
 
Fig. 3. ERDA measurements of thermal and PE-ALD Al2O3 films grown with TMA and water with 
optimized purge gas flow in the SC-1 reactor. Reference for Al2O3 [10]. 
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Ambient pressure X-ray photoelectron spectroscopy (APXPS) is a powerful tool to study surfaces in 
elevated pressure and temperature conditions. We have recently developed an ambient pressure cell 
(AP cell) dedicated for ALD research. The cell allows real-time XPS study of the surface of a substrate 
where ALD reactions take place. The cell is intended for chemical characterization of intermediate 
products that are short-lived and might not be present on the surface once saturation of the surface has 
been achieved and therefore are not visible in post-process XPS identification. Experiments such as 
these have gained noticeable traction within a few years. [1,2,3,4] 
 
The system is installed on the SPECIES beamline [5] at the MAX IV Laboratory in Lund, Sweden. 
SPECIES beamline is a soft X-ray beamline with one beam branch dedicated for APXPS. The beamline 
offers a wide photon energy range of 30-1500 eV, which enables to study most core-levels using XPS, 
but also makes it possible to focus on valence band investigations using UPS and lower photon 
energies and high photon flux. The endstation consists of different equipment for sample 
characterization and preparation, with the main instrument being an electron analyser capable of high 
energy and time resolution. 
 
The ALD cell has been designed with realistic gas flow dynamics in mind. The cell can operated with a 
maximum pressure of 20 mbar, with the intention of creating a laminar-like flow across the substrate 
surface that is being investigated using XPS. Two mass spectrometers located in different locations in 
the endstation can be used to probe the gaseous reaction products. The mass spectrometers allow to 
simultaneously follow masses of important ligands and synchronize this data acquisition with the XPS 
data. [1] 
 
Here, we will give a brief overview of the system including its design and operating parameters. Some 
results from example cases are given which demonstrate the capability of the ALD cell for studying 
substrates during ALD reactions. 
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Vapour deposition of functional semiconductor and heterojunction 
(nano-)materials for gas sensing 
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Materials such as complex oxides (doped, quaternary, etc) and heterojunctions are finding wide 
application in fields such as solar devices, heterogenous catalysis and gas sensing, amongst numerous 
others. The controlled and reproducible synthesis of such materials are obviously therefore key to 
progress in these fields. Amongst competing synthesis technologies chemical vapour deposition 
techniques (CVD, ALD) allow reproducible synthesis of a wide range of thin and ultra-thin film materials, 
and nanomaterials, and provides direct integration of the functional material with a device platform. 
Here I will discuss our use of vapour deposition techniques for synthesis of functional gas sensing 
semiconductor and heterojunction (nano-)materials. 
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highly conductive two-dimensional coordination polymer film 
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Integration of metal-organic frameworks (MOFs) and coordination polymers (CPs) into functional 
devices will require suitable processing methodologies. Robust thin film deposition methods are key in 
providing control over the material properties and ensuring standardization.[1,2] Yet, current solution-
based methods to produce MOGs thin films lack control over nucleation and crystal growth, and the 
resulting coatings are typically rough and far from pinhole-free. Apart from particle contamination due 
to homogeneous nucleation, solution-based synthesis methods can lead to corrosion due to metal salts 
and surface-tension-related issues.[1,3] Chemical vapor deposition (CVD) of MOFs and CPs is a solvent-
free methodology that avoids these problems by reacting a metal-containing precursor film with a ligand 
in the vapor phase to yield the desired material. This technique was pioneered for zeolitic imidazolate 
frameworks[4] and has since been extended to other MOFs and CPs.[3] The absence of solvent during 
this approach limits metal ion mobility during crystallization, enabling the conversion of patterned oxide 
precursors with high fidelity in bottom-up lithography procedures.[4,5] In contrast, solvent-based 
syntheses typically yield poorly defined edges,[6,7] leaving top-down patterning methodologies as the 
only option. 

Figure 1. a) Top view of the Cu-BHT crystal structure showing the Kagome-type planar lattice with the 
chemical formula [Cu3(C6S6)]n. Cu, C, and S atoms are colored green, grey, and yellow, respectively. 
b) Scheme of the 2-step CVD procedure to prepare Cu-BHT nanofilms: a CuO layer is deposited via 
RF sputtering, followed by exposure to H6BHT vapor. c) Photograph of glass substrates (3x3 cm2) with 
a CuO layer before (top) and after CVD conversion into Cu-BHT (bottom). d) AFM topographic image 
of a homogeneous CVD Cu-BHT nanofilm and; e) a manually scratched area of the same film. d) CVD 
Cu-BHT film thicknesses obtained from CuO precursor films with different thicknesses. Black line is a 
linear fit of the data. g) Confocal microscopy image of a Hall bar microdevice (Cu-BHT Hall bar and Au 
electrodes) made with additive lithography. 

Here, we report the CVD of Cu-BHT films (BHT = benzenehexanothiolate, Figure 1a) using an copper 
oxide precursor layer (Figure 1b).[10] Cu-BHT is a two-dimensional coordination polymer composed by 
Kagome-type layers MOGs. Furthermore, it is a metallic conductor with the highest conductivity 
reported for a metal-organic compound.[8,9] Thus far, Cu-BHT has mainly been synthesized through 
interfacial liquid-liquid reactions yielding inhomogeneous and rough films. In contrast, our CVD Cu-BHT 
nanofilms (Figure 1c-e) are homogeneous over large areas and smooth while maintaining a high 
crystallinity, electrical conductivity and charge carrier mobility. Moreover, the conversion from a CuO 
precursor layer allows for controlling the final Cu-BHT film thickness over a broad nanometric range 
(20-85 nm, Figure 1d), and is fully compatible with additive lithography processes (e.g., lift-off 
patterning) with a resolution down to the μm range. This approach facilitates the fabrication of well-
defined, micrometric Hall bar devices that were used to accurately measure the conductivity parameters 
(Figure 1g). The demonstrated deposition and patterning fabrication flow showcases the advantages of 
vapor-phase methods and brings the integration of metal-organic nanofilms into microelectronic devices 
closer. 
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The development of coatings using initiated chemical vapor deposition iCVD represents a promising 
alternative to the current demand for icephobic technology that can be potentially incorporated into 
existing anti-icing systems. In this study, we propose a design of gradient polymer coatings via iCVD 
for anti-icing applications. The icephobicity was tested through different experiments with the aim of 
showing how icephobic properties can be enhanced when the design of the gradient polymer is tailored. 
 
The gradient polymer design contemplated monomers of different nature and properties a highly 
fluorinated compound and an organosilicon, namely, perfluorodecyl acrylate (PFDA) and tetravinyl 
tetramethyl cyclotetrasiloxane (V4D4). The gradient polymer consisted of a discontinuous vertical 
structure where a section rich in pV4D4 lies on the bottom, in contact with the substrate, a progressive 
change forms a copolymer in the middle section to finally end with a section rich in pPFDA, which forms 
the surfaces exposed to the environment. The structure results in three regions: two homopolymers on 
each end and a copolymer in between, connected in a continuous structure (Fig 1.1). The multiple vinyl 
groups of V4D4 form a highly cross-linked network that provides strong adhesion to the substrates, 
whereas the PFDA fluorinated groups produce low-energy surfaces with potential icephobic properties. 
The appeal of this concept is the complete retention of the functionality of the monomers selected, in 
contrast with the typical copolymerization approach. Using iCVD is the only way in creating such 
complex structures, moreover, they are created with high precision, in one step, and without any usage 
of solvents. Gradient polymers with different thicknesses of the pPFDA top section were deposited. 
 
After deposition, spotless and defect-free surfaces were obtained indicating uniform coverage. Cross 
hatch adhesion tests confirmed strong adhesion to the substrate. Atomic force microscopy exhibited 
that gradient polymers resulted in rougher surfaces due to spherical islands, in contrast to smoother 
surfaces observed when conventional structures were deposited. A significant difference in static water 
contact angle between samples was a direct consequence of the nature of the surface. Additionally, 
gradient polymers revealed a high pinning effect as a result of the high contact angle hysteresis. To 
assess the feasibility of the gradient polymers for anti-icing systems the surface properties and surface 
events were observed and analyzed under different icing experiments. Observations on the nucleation 
and propagation of ice over the films were done by analyzing the condensation frosting process (Fig 
1.2). Single droplet freezing experiments provided information regarding the freezing delay and ice 
detachment experiments showed a reduction of ice adhesion to the coating surface of at least 25 times 
compared to the reference silicon sample, without damaging the coating (Fig 1.3). Finally, supercooled 
droplet impact experiments tested the coatings in different environmental conditions, revealing the 
endurance and feasibility of the gradient polymer films as anti-icing materials. 
 
In conclusion, we showed that gradient polymer coatings are actively delaying frost formation, 
influencing the nature of the resulting frost avoiding a densely packed structure and decreasing the ice 
adhesion, exhibiting promising ice mitigation properties vital for anti-icing systems. 
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Figure 1.- 1) Schematic representation of the molecular architecture that conforms a gradient polymer, 
highlighting three sections: two homopolymers in each end and a copolymer in the middle. 2) Ice 
adhesion force of gradient polymers with different top section thicknesses compared with reference 
samples. 3) Evolution of the condensation frosting process at different surfaces: a) bare silicon and b) 
gradient polymer. 

* Corresponding author e-mail: ghernandezrodriguez@tugraz.at 

a1 

a2 

a3 

a4 

b1 

b2 

b3 

b4 

a0 b0 

1) 2) 

3) 

22

mailto:ghernandezrodriguez@tugraz.at


ALD GST industrial processing, scaling to 300mm challenges and 
outcomes 

 
Jerome Innocenta, Andrea Illiberia, Michael Givensa, Varun Sharmaa, Laura Nynsb, Hubert Hodyb, 

Annelies Delabieb, Wouter Devulderb, Daniele Garbinb
, Gabriele Luca Donadiob and Tobias Peisskerb 

 
a ASM International, Kapeldreef 75, Leuven, 3001, Belgium 

b Imec, Kapeldreef 75, Leuven, 3001, Belgium 
 

 
Phase change memory (PCM) has long been viewed as a potential low cost, low energy non-volatile 
storage class memory solution. A material central to and historically intertwined to with PCM is 
germanium antimony telluride (GST). Sandwiched between two contacts and with the aid of joule 
heating, GST can be cycled between its high resistance amorphous and low resistance crystalline 
phases. This on/off relationship can be manipulated as a binary readout and as such GST, with a up to 
seven orders of magnitude difference in its resistance, is ostensibly an ideal PCM material.[1] 
 
In order to keep unit cost low PCM memory has begun to scale vertically.[2] With multiple device stacks 
and higher aspect ratios this means the constraints for deposition are becoming even greater. ALD 
where both conformal and selective growth of GST are possible is therefore a key technology in 
accessing the GST based PCM market.  
 
In this work, GST ALD has been upscaled to 300mm wafers on a 300mm production ALD reactor. The 
process has been engineered to maximize throughout and reliability and with it demonstrated that ALD 
grown GST can perform equivalently to PVD GST on blanket test materials. Furthermore, the pitfalls 
when moving to 3D high aspect ratio (HAR) devices have been catalogued and the key ALD precursor 
and material criteria when moving toward 3D PCM applications are presented. 
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Figure 1. Cartoon of the change in crystal structure of GST and its 
associated switch in resistance. 
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Water-repellent surfaces have the attractive property of staying dry, and find applications in self-
cleaning, anti-icing, anti-fogging and much more. These surfaces stay dry because water droplets 
experience low friction and slide off easily at low tilt angles.[1] 
 
Liquid-repellent surfaces, especially smooth solid surfaces with covalently grafted flexible brushes or 
alkyl monolayers, are the focus of an expanding research area.[1] Surface-tethered flexible species are 
highly mobile at room temperature, giving solid surfaces a unique liquid-like quality and unprecedented 
dynamical repellency towards various liquids regardless of their surface tension. The liquid-like 
molecular layer controls many important interface properties, such as slip, friction and adhesion, which 
may enable novel functions and applications that are inaccessible with conventional solid coatings.  
 
Here we challenge two common assumptions on liquid-repellency with the use of vapor-deposited self-
assembled monolayers (SAMs) (Figs. 1+2).[2] 

• It is generally assumed that achieving low sliding angles on water-repellent surfaces requires 
hydrophobicity, in other words high water contact angle like for example teflon. Here we 
challenge this assumption and demonstrate a hydrophilic alkyltrichlorosilane SAM featuring the 
unusual combination of low sliding angle and low contact angle. 

• Surface heterogeneity is generally acknowledged as the major cause of increased contact 
angle hysteresis and friction of droplets. Here we challenge this long-standing premise for 
chemical heterogeneity at the molecular length scale.  

 
Furthermore, we demonstrate world’s most slippery surface, by combining SAMs and surface 
structuring. 
 
We form SAMs by vapor deposition in a specially designed ALD reactor, where operando ellipsometry 
allows us to monitor the SAM while it grows. Findings obtained from a range of characterization 
techniques and molecular dynamics simulations reveal a yet unknown and counterintuitive mechanism 
for slipperiness, opening new avenues for enhancing the mobility of droplets. 
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Figure 1. Controlling contact line friction CLF by tuning surface hydrophobicity with SAM. a) We observe 
that CLF depends on heterogeneity of the SAM and has lowest values both at low and high SAM 
coverage regimes, and highest values at intermediate coverages. b) Schematics of the vapor deposition 
reactor chamber for growing SAMs, featuring operando spectroscopic ellipsometry for continuous in-
situ monitoring the growth of SAM films. c) Adsorption mechanisms of SAM on hydroxyl rich surfaces. 
 

 
 
Figure 2. SAM wetting properties. a) Advancing contact angle ACA, receding contact angle RCA, and 
contact angle hysteresis CAH as function of SAM coverage. b) Snapshots of 10 𝜇𝜇l droplets sliding on 
low (0.1 molecules/nm2), intermediate (0.5 molecules/nm2), and high-coverage (3.2 molecules/nm2) 
SAMs. Surface tilt is shown in the top-right corner of each frame and dashed lines show initial location 
of droplet. Droplet started sliding at second frame from top. Scale bars represent 1 mm. c) Normalized 
CLF calculated from sliding angles. 
 
References 
1. L. Chen, S. Huang, R. H. A. Ras, X. Tian, Omniphobic liquid-like surfaces, Nature Chemistry Reviews, 

(2023) 123-137 https://doi.org/10.1038/s41570-022-00455-w 
2. S. Lepikko, Y. Morais Jaques, M. Junaid, M. Backholm, J. Lahtinen, J. Julin, V. Jokinen, T. Sajavaara, M. 

Sammalkorpi, A. S. Foster, R. H. A. Ras, Droplet slipperiness despite surface heterogeneity at molecular 
scale, Nature Chemistry, in review – revised version submitted. 

 
* Corresponding author e-mail:  robin.ras@aalto.fi 

25

https://doi.org/10.1038/s41570-022-00455-w
mailto:robin.ras@aalto.fi


 

 

 

 

 

ASD I / organic 

Chair: Devi, Anjana (Ruhr-Universität Bochum) 

 

Time: 5/30/2023 8:30:00 AM 
Location: Auditorium 2, Maria-Theresiacollege, St. Michael's Street 6, Leuven 

26



 Area-selective atomic layer deposition of nitrides and oxides 
using small molecule inhibitors 
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With top-down fabrication approaching its limits, area-selective deposition (ASD) processes are 

currently being developed for a variety of applications in the semiconductor industry, allowing for novel 

bottom-up and self-aligned fabrication schemes. Selectivity during atomic layer deposition (ALD) is 

typically obtained by functionalizing the surfaces on which no growth is desired with inhibitor molecules. 

In addition to self-assembled monolayers (SAM), in recent years there is especially interest in vapor-

phase dosing of small molecule inhibitors (SMI), [1,2] because of the compatibility with industrial 

processing flows. 

In this contribution, results will be presented for area-selective ALD processes of nitrides and oxides, 

two important classes of materials in semiconductor fabrication. The mechanisms of how SMIs block 

precursor adsorption will be discussed based on insights from simulation and experimental studies. 

Generally, it is more challenging to block ALD growth using SMIs as compared to SAMs. As a result of 

vapor-phase dosing, inhibitor molecules sequentially adsorb at random sites, leaving relatively large 

gaps in between the inhibitor molecules, where precursor molecules can potentially interact with the 

surface.[3] In addition, it was found that not all SMIs react in the same way, but adsorb in different 

bonding configurations. The consequences of these surface reaction mechanisms will be discussed by 

comparing two ALD processes as case studies: (i) silicon oxide using acetylacetone (Hacac), and (ii) 

tantalum nitride using aniline as SMI. 
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Area-selective atomic layer deposition (AS-ALD) has gained much interest recently due to its potential 

in facilitating the further downscaling of semiconductor devices. One mechanism for achieving AS-ALD 

is the use of small molecule inhibitors (SMIs) that selectively block deposition on certain materials. 

However, AS-ALD processes generally lose their selectivity after a certain number of cycles. A 

mechanism contributing to this loss of selectivity is that the SMI adsorbs in a mixture of bonding 

configurations, that have different stability and do not necessarily all block deposition effectively [1]. In 

this work, we investigate the influence of dosing conditions on SMI adsorption configuration using in-

situ reflection adsorption infra-red spectroscopy (RAIRS) and a model based on reaction rate equations.  

To investigate SMI adsorption, acetylacetone (Hacac) adsorption on an Al2O3 non-growth area is 

studied as a model system. It is known that Hacac initially adsorbs in the monodentate configuration, 

binding to the surface through a single O atom. Subsequently, it can convert to the chelate configuration, 

after which it bonds to the surface with both O atoms (Fig. 1), releasing water as a byproduct. The 

molecules in the monodentate configuration are expected to be a cause for the loss of selectivity [2]. 

For such a two-step adsorption mechanism, reaction rate equations can be set up and solved 

numerically for different dosing conditions. The solutions to the equations showed that dosing at low 

partial pressure can increase selectivity since this leads to a high coverage of acac adsorbates in the 

chelate configuration (Fig. 2) and saturation coverage is achieved at lower exposures. This behavior is 

confirmed experimentally by in-situ RAIRS measurements. When dosing using 0.5 s, low pressure 

pulses of Hacac, the surface saturates after a total exposure of 0.26 Torr ּ s, while when using higher 

pressure pulses of 1 s, the saturation is only reached after a total exposure of 1 Torr ּ s. Furthermore, a 

shift of the C-O peak towards lower wavenumbers for low pressure dosing is observed when comparing 

the spectra of the saturated surfaces (Fig. 3). This coincides with the expected increase of adsorbates 

in the chelate configuration, indicating that the ratio between monodentate and chelate adsorbate 

products can be tuned by changing the dosing conditions. Therefore, the inhibitor dosing conditions are 

important for achieving a high selectivity. 

 

 

 
 
Figure 1: The reaction mechanism of Hacac on an Al2O3 surface. First, the Hacac reversibly binds to 
an Al atom in the monodentate configuration. Then, the molecule reacts with the -OH group forming the 
chelate configuration and water as a reaction product. 
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Figure 2: Numerical solutions of the reaction rate equations. The fraction of molecules adsorbed in the 
chelate configuration as a function of partial pressure for two fixed exposures. The model shows that 
when dosing at a lower partial pressure, the fraction of adsorbates in the chelate configuration is higher. 
Therefore, a lower SMI partial pressure during dosing is predicted to be beneficial for selectivity. 
 

 

 

 
Figure 3: RAIRS adsorption spectra for an Al2O3 surface saturated with Hacac after pulses with an 
exposure of 0.02 Torr ּ s per pulse and 0.1 Torr ּ s per pulse, in orange and blue respectively. In black the 
difference between the two spectra is shown. The shift of the C-O peak around 1618 cm-1 towards lower 
wavenumbers coincides with the expected increase of adsorbates in the chelate configuration when 
dosing at low pressures. 
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The phase change material Ge2Sb2Te5 (GST) has emerged as promising candidate for non-volatile 
storage class memory (SCM) [1]. As advanced SCM devices consist of 3D high-aspect ratio structures, 
it is crucial to develop highly conformal GST deposition processes. In addition, area-selective deposition 
is a promising technique to reduce the number of etch and patterning steps and as such the fabrication 
cost of advanced nano-electronic devices [2,3]. Area-selective atomic layer deposition (ALD) of GST is 
therefore of great interest. The reaction chemistry of an ALD process for GST has been reported,  where 
cycles of GeTe and Sb2Te3 are combined to deposit the desired composition Ge2Sb2Te5 [4,5]. Hence, 
insight in the growth behaviour and selectivity mechanism of GeTe ALD is a first step to understand 
and improve the selectivity of Ge2Sb2Te5 ALD. In this study, we describe the selectivity mechanism of 
GeTe ALD. TiN and SiO2 are selected as growth surface and non-growth surface, respectively, as TiN 
acts as the electrode while SiO2 is used as the insulating material in typical phase change memory 
devices [6]. The passivation of SiO2 is achieved using an aminosilane small molecule inhibitor, namely 
dimethylamino-trimethylsilane (DMA-TMS), while TiN remains reactive after DMA-TMS treatment [7]. 
GeTe is deposited on blanket TiN and SiO2 using GeCl2.C4H8O2 and Te(Si(CH3)3)2 as precursors, with 
a growth-per-cycle of 0.06 nm/cycle (Fig. 1(a), mass measurements). Deposition of GeTe on TiN is not 
much affected by the DMA-TMS pretreatment and a GPC of 0.05 nm/cycle is achieved (Fig. 1(a)). On 
the other hand, we observe a nucleation delay of ~240 cycles on DMA-TMS treated SiO2, confirming 
that SiO2 could act as a non-growth area during selective GeTe deposition (Fig. 1(a)). After extended 
cycles, selectivity loss occurs due to nanoparticle growth (Fig. 2). The selectivity of GeTe deposition is 
calculated using the following equation (Eq. 1): 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑆𝑆) = 𝑛𝑛𝐺𝐺+ 𝑛𝑛𝑁𝑁𝐺𝐺
𝑛𝑛𝐺𝐺− 𝑛𝑛𝑁𝑁𝐺𝐺

 (1) 
where nG and nNG denotes the thickness of the material deposited on growth and non-growth surface, 
respectively [3]. The selectivity of 10 nm GeTe is 0.95 and decreases with increasing thickness to reach 
0.88 for 17 nm GeTe for blanket substrate (Fig. 1(b)).  The Ge:Te ratio for a 20 nm GeTe film on both 
surfaces is 1:1 as confirmed by Rutherford Backscattering Spectrometry (RBS) (Fig. 2).The mechanism 
of selectivity loss is analyzed further from the scanning electron microscopy (SEM) images. The number 
and size of nanoparticles increase with ALD cycles and agglomeration of nanoparticles contributes to 
the increased sizes (Fig. 2). The composition of GeTe nanoparticles is Ge rich, which indicates that 
DMA-TMS affects the surface chemistry on the SiO2 substrate (Fig. 3). To investigate the mechanism, 
we studied the individual reactions of GeCl2.C4H8O2 and Te(Si(CH3)3)2 on DMA-TMS treated SiO2, and 
measure the concentration of elements by Total reflection X-Ray Fluorescence (T-XRF) spectroscopy. 
Ge is present in a concentration of 1.9×1014 atoms/cm2. In contrast, in case of Te precursor reaction, 
no trace of Te is detected using T-XRF. This indicates that the Ge adspecies on DMA-TMS treated SiO2 
act as reactive site for the incoming Te precursor, which degrades the overall selectivity. Finally, GeTe 
is deposited on SiO2-TiN line-space patterns with a SiO2 line height of 65 nm and pitch of 90 nm. The 
transmission electron microscope shows that 20 nm of GeTe could be selectively deposited on the TiN 
area of the line-space pattern which is important for selective deposition on complex device structures 
(Fig. 4). Overall, we have demonstrated the selective deposition of GeTe on the line-space pattern and 
established that the Ge precursor adsorption is responsible for loss in selectivity of GeTe. The insights 
from this study will be helpful to understand the selectivity loss mechanism for Ge2Sb2Te5.  

 
Figure 1 (a)Mass gain of GeTe with ALD cycle and (b) Selectivity of GeTe as function of thickness 
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Figure 2 Composition of GeTe analyzed 
using RBS, showing the Ge content as 
function of ALD cycles 

Figure 4 Selective deposition of GeTe on line-space patterns (TEM) 

Figure 3 GeTe nanoparticles on SiO2-DMA-TMS by 
SEM 
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Atomic layer deposition (ALD) and molecular layer deposition (MLD) are technologically important 
methods to grow thin inorganic and organic films with high conformality and excellent thickness control 
from vapor phase precursors. The thin film materials that can be grown by MLD and ALD are valued 
for their diversity and tunability. However, there is still a need to broaden the ALD and MLD synthesis 
methods. For example, most MLD growth chemistries are constrained to those reacting by nucleophilic 
addition or substitution mechanisms, limiting those materials to primarily substituted carbonyl backbone 
polymers. Moreover, the development of new thermal ALD processes is also often limited by precursor 
reactivity and stability, with reaction temperature and precursor design being among the few variables 
available to achieve higher reactivity in gas-phase reactions. A limiting factor in each of these vapor 
processes is the absence of a solvent, which plays a role in traditional synthesis, where the use of 
solvent and/or a catalyst can promote a desired reaction. To bridge this synthesis gap between vapor-
phase and solution-phase, we demonstrate the use of an ultrathin coating layer of a vapor phase-
compatible solvent an ionic liquid (IL) on the growth substrate to enable both MLD and ALD. By 
performing the surface reactions inside of an IL, solvent effects are replicated inside the vacuum 
system, broadening the possible reactions to a wider suite of chemistries.  
 
Using this strategy, the MLD of polyetherketoneketone (PEKK), an industrially and research-relevant, 
high-performance thermoplastic, is demonstrated.  PEKK films are grown with diphenyl ether and 
isophthaloyl dichloride and catalyzed by aluminum chloride, in a thin IL layer of 1-ethyl-3-
methylimidazolium chloride, notable because these precursors are the same as those utilized in the 
solution synthesis of PEKK. The results show that the IL-MLD process exhibits the three essential 
properties of MLD: conformality, surface limited (not bulk) reaction, and linear and saturating growth. 
Examination of the PEKK film by infrared spectroscopy and x-ray photoelectron spectroscopy (XPS) 
shows excellent agreement with reference spectra for PEKK. 
 
We also describe studies of IL-assisted ALD of SnO. Successful SnO deposition is achieved using tin 
acetylacetonate and water, a process that otherwise would require a stronger counter-reactant such as 
ozone. The layer of IL allows a solvent-mediated reaction mechanism to take place on the growth 
substrate. We report a growth per cycle of 0.7 Å/cycle at a deposition temperature of 100 °C in an IL 
comprised of 1-ethyl-3-methylimidazolium hydrogen sulfate. Characterization of the ALD films confirms 
the SnO film composition, and 1H and 13C NMR are used to probe the solvent-mediated ALD reaction, 
suggesting a solvent-mediated addition-elimination type mechanism forming acetone and acetate. 
Thus, the IL-ALD and IL-MLD methods enable new vapor deposition chemistries to be achieved. 
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The current world record for a single junction perovskite device is 23.7% (> 1 cm2), [1] where the most 
promising point of entry for the perovskite technology to the solar cell market is as a top cell in tandem 
with a bottom cell using established technologies such as Si and Cu(In,Ga)Se2 (CIGS). [2, 3] Figure 1 
shows the general material stack used for the perovskite top cell in two terminal tandem high efficiency 
devices with Si, CIGS and perovskite bottom cells. Here, an ALD-SnOx electron transport layer (ETL) 
is commonly used in all of these stacks together with an organic ETL. In doing so, the perovskite is 
protected from the ALD process and the organic ETL is protected from sputter deposition of the high 
quality transparent conducting oxide (TCO). Omitting the organic ETL would not only reduce the cost, 
but also improve the stability of the solar cells, as organic layers are susceptible to damage by the high-
energy photons of the sun spectra over time. Furthermore, by using a single ETL or hole transport layer 
(HTL) made by ALD, the conduction band (EC) or valence band (EV) positions can be varied to suit 
different perovskite materials. 
 
No vacuum-based techniques have been able to deposit inorganic contact materials successfully 
directly on the metal halide perovskites (ABX3 structure) while maintaining the solar cell performance. 
The main reason for this is that the perovskites are both temperature and chemically sensitive, which 
easily lead to material deterioration and poor-quality interfaces. Therefore, it is imperative to study the 
surface chemistry at these interfaces in order to find ALD processes that are compatible with metal 
halide perovskites. This abstract treats studies of ALD processes and precursors (M-Ln) in combination 
with some different metal halide perovskite materials.  
 
One example of a non-ideal perovskite/SnOx interface that acts as a transport barrier for the light-
generated current is that of direct deposition ALD-SnOx from TDMASn and water. [4] The interface 
formation during the initial ALD-SnOx growth on the perovskite was studied by QCM monitor crystals 
coated by partial p−i−n solar cell stacks, and by soft and hard X-ray photoelectron spectroscopy (PES) 
measurements for the same structures (Fig. 2). From QCM, a mass loss was observed prior to ALD for 
growth temperatures above 60 °C, suggesting the decomposition of the perovskite. In addition, a mostly 
irreversible mass gain was observed during the first exposure to the TDMASn precursor that is 
independent of growth temperature, and which disrupts the mass gain of the following 20−50 ALD 
cycles. The chemical environments of the buried interface were analyzed by PES for a sample with 50 
ALD cycles of SnOx on the perovskite. Although measurements on the perovskite bulk below and the 
SnOx film above did not show chemical changes, additional chemical states for Pb, Br, and N as well 
as a decrease in the amount of I were observed in the interfacial region. 
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Figure 1: Energy band diagram of the metal halide perovskite top cell in a two terminal tandem device 
structure. Coloured arrows show the direction from which light enters the respective cells, whereas 
black arrows indicate the conduction paths for the photo excited electrons and holes. 
 

 
 
Figure 2: (Left) Set-up with a partial solar cell structure deposited on a QCM monitor crystal, (Middle) 
solar cell structure for photoelectron spectroscopy (PES) analysis of a buried interface, and (Right) 
model showing the resulting perovskite/SnOx interface and its impact on solar cell performance. 
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Metal-β-diketonate complexes are widely used as precursors for chemical vapor deposition for various 
applications. [1] This is mainly because of their superior physical and chemical properties such as the 
volatility and inertness, which can be customized by changing the β-diketonate group attached to the 
respective metal centre. [2]  
In deposition processes, often gas-phase reactions are the initial steps, but gaseous intermediates can 
lead to unwanted film morphology and unsatisfactory purity or a depletion of the precursor, and 
consequently a reduction in growth rate. Understanding the decomposition mechanism, especially the 
sequence of bond dissociation steps, is important for improving and modelling such processes.  
Consequently, the analysis of the initial stages of growth is important and requires analytical techniques 
with sufficiently low detection limits for elusive gas-phase species. Because of limitations in 
experimental techniques, it was until recently not possible to detect most of the postulated intermediate 
species; their temperature-dependent kinetics often remained unknown.3 
We have overcome some of these challenges and demonstrated for various metal-organic precursors, 
that by using a microreactor coupled to a very mild ionization source we are capable to detect and 
characterize elusive species, especially metal-containing intermediates with short lifetimes below 50 
μs. [4-6] 

Building up on previous work on acetylacetonate complexes, we present insights into the reactions of 
a 2,2,6,6-tetramethyl-3,5-heptanedionate (tmhd) compound. The vacuum pyrolysis of zirconium 
2,2,6,6-tetramethyl-3,5-heptanedionate (Zr(tmhd)4) with and without oxygen is investigated here. 
In brief, the precursor is sublimated, subsequently transported by helium as carrier gas, and expanded 
through a pinhole into a resistively heated 1 mm inner diameter SiC-microreactor of 10 mm length (see 
Fig.1). Species leaving the reactor are ionized by tuneable vacuum ultraviolet (VUV) synchrotron 
radiation and characterized by imaging photoelectron photoion coincidence spectroscopy (i2PEPICO) 
and mass spectrometry at the Swiss Light Source. We recorded photoionization efficiency curves (PIE) 
and threshold photoelectron spectra (TPES) at photon energies of 6.3-11.5 eV, which give us direct 
evidence for the characterization of reactive intermediates and products. 
In the experiments, hydrocarbons, oxygenated and metal-containing species were detected and 
characterized unambiguously in the gas-phase at temperatures from 450-950 K, which provides 
insights in the underlying decomposition mechanisms. Most importantly, we detected and characterized 
Zr(C11H19O2)(C11H15O2) as major initial decomposition product in the gas-phase at temperatures above 
650 K. Additionally, several hydrocarbons and oxygenated species were detected and unambiguously 
assigned as decomposition species for the first time, i.e. m/z 166 C10H14O2, m/z 100 pinacolone 
(C6H12O), three isomers on m/z 57 (C4H9), the tert-butyl radical, 1-butyl and i-butyl (see Fig. 2). Their 
detection gives hints on the remaining Zr-residues formed in the gas-phase or on the surface. The 
temperature-dependent formation mechanisms of the assigned species will be discussed and 
compared to previous results on Zr(acac)4.  
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Figure 2: Vacuum apparatus of CRF-PEPICO endstation at the X04DB VUV beamline at the SLS 
synchrotron facility with embedded images of the most important parts of the pyrolysis reactor setup. 
The schematic in the background is taken from a recent publication [4]. 

 

References 
1. A.L. Pellegrino, G. Lucchini, A. Speghini and G. Malandrino, J. Mater. Res., 2020, 35(21), 2950. 
2. G.G. Condorelli, G. Malandrino and I.L. Fragalà, Coord. Chem. Rev., 2007, 251(13-14), 1931. 
3. Y. Jiang, M. Liu, Y. Wang, H. Song, J. Gao and G. Meng, J Phys. Chem. A, 2006, 110(50), 13479. 
4. S. Grimm, S.-J. Baik, P. Hemberger, A. Bodi, A.M. Kempf, T. Kasper and B. Atakan, Phys. Chem. Chem. 

Phys., 2021, 23(28), 15059. 
5. S. Grimm, S.-J. Baik, P. Hemberger, T. Kasper, A.M. Kempf and B. Atakan, J. Mat. Res., 2022, 37(9), 1558. 
6.   S. Grimm, P. Hemberger, T. Kasper and B. Atakan, Adv Materials Inter, 2022, 9(22), 2200192. 
7    F. A. Houle and J. L. Beauchamp, J. Am. Chem. Soc., 1979, 101, 4067. 
8    J. C. Schultz, F. A. Houle, and J. L. Beauchamp, J. Am. Chem. Soc., 1984, 106, 3917. 

 
* Corresponding author e-mail:  sebastian.grimm@uni-due.de 

Figure 1: Exemplary mass-selected threshold photoelectron spectrum (ms-TPES) of m/z 57 recorded 
at 796 K. The literature photoelectron spectra (PES) are as follows: t-butyl [7], 2-butyl [8], i-C4H9 [8], 
1-butyl [8]. 
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Sequential infiltration synthesis (SIS), also referred to as vapor phase infiltration (VPI), is a quite simple 
approach to grow inorganic materials into polymeric films through the penetration of gaseous precursors 
into the polymer matrix [1]. In particular SIS has been proposed as a powerful tool to create an organic-
inorganic hybrid material or to fabricate inorganic nanostructures by infiltration in patterned polymer 
templates like, for instance, in self-assembled block copolymer thin films.[2,3] Depending on the specific 
morphology of the block copolymer template, different inorganic nanostructures can be obtained, 
providing a simple and cost effective tool to generate periodic inorganic nanostructures over large areas 
[3]. However, several fundamental aspects of the SIS process are still not fully understood [4,5]. In this 
work, in-situ and ex-situ spectroscopic ellipsometry (SE) analysis and ex-situ X-ray reflectrometry (XRR) 
are used to offer a complete and comprehensive picture of polymer film evolution and Al2O3 
incorporation in poly(methyl methacrylate) (PMMA) thin films as a function of the number of SIS cycles. 
In particular, the SIS process is performed in a standard ALD reactor operating at 90°C in quasi-static 
mode, using trimethylaluminum (TMA) and water (H2O) as precursor and co-precursor, respectively. In-
situ dynamic (SE) is used for real time monitoring of the SIS process. Time resolution of SE system 
guarantees acquisition of information about intra-cycle sample evolution as demonstrated by Cianci et 
al. in a previous work.[6] In addition, SE analysis offers the possibility of in situ monitoring the thickness 
(H) and refractive index (n) evolution during the whole SIS process (figure 1). Accordingly, two different 
growth regimes can be clearly distinguished. Initially, Al2O3 incorporation determines a marked swelling 
of the polymer film upon each SIS cycle (figure 1a). Subsequently, no significant variation of the polymer 
film thickness is observed, despite Al2O3 mass uptake at each SIS cycle is clearly highlighted by the 
gradual increase of n values (figure 1b). According to the in-situ SE data, after few SIS cycles, Al2O3 
incorporation into the volume of the polymer film results in the formation of a rigid inorganic-organic 
structure. Precursor penetration determines further incorporation of Al2O3 within the volume of this 
hybrid material during subsequent SIS cycles, without any significant swelling of the film. This 
interpretation is well supported by ex-situ SE and XRR analyses of the infiltrated polymer films and of 
the residual Al2O3 films left over the substrate upon removal of the organic matrix. The thickness values 
of the residual Al2O3 film upon O2 plasma are measured by SE and XRR (Figure 2a). The data clearly 
highlight a linear increase of the film thickness cycle after cycle, confirming that the incorporation of 
Al2O3 continues even when no swelling of the polymer film is detected during in situ SE analysis. the 
values of electronic density as a function of the number of SIS cycles for each sample are obtained by 
analysis of the XRR data (Figure 2b). The electronic density increases over the first 3 cycles achieving 
a saturation value of 0.7 e/Å. This value is significantly lower than the one obtained in the case of 
samples grown by a standard ALD process at 90°C. An additional thermal treatment in N2 atmosphere 
at 900°C for 600 s determines a significant shrinking of the Al2O3 films (Figure 2a). According to the 
linear fitting (dashed line) of the experimental data, the growth per cycle is determined to be 0.62 nm ± 
0.09 nm/cycle. The growth per cycle value obtained by this analysis is significantly higher than the one 
obtained by standard ALD at 90°C, confirming that Al2O3 growth takes places within the volume of the 
PMMA film. In conclusion, monitoring in real-time the thickness of the polymer film by in-situ SE allows 
to fully characterize the evolution of the system during the SIS process, providing information to better 
tailor the process parameters.  
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Figure 1. (a) Thickness and (b) refractive index of a 55 nm thick PMMA film during a 10 cycle SIS 
process performed at 90 °C using TMA and H2O as metal and oxygen precursors, respectively. Data 
are reported as a function of the processing time. The values were obtained from the average of the 
thickness and refractive index measured by in situ spectroscopic ellipsometry data acquired in real time 
during the SIS process. (c) pressure in the main chamber during the SIS process. 
 

 
Figure 2. (a) Thickness of the Al2O3 films obtained upon infiltration into 45 nm thick PMMA films and 
subsequent removal of the organic phase by O2 plasma. Thickness values were obtained by SE (red 
closed symbols) and XRR (black closed symbols) analysis of the same samples. Thickness (red open 
symbols) of the same Al2O3 films upon annealing in N2 atmosphere at 900°C for 600s are reported as 
well. (c) electron density of the Al2O3 films before the densification thermal treatment  
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Abstract 
 During the last two decades, Ti(C,N) is one of the most used thin hard coating 

in metal cutting industry. In previous works of the authors, a multi-scale testing and 

characterization campaign was carried out in which industrial cutting inserts coated 

with Ti(C,N) is contrasted to Zr(C,N) wear resistant hard coating. The objective was to 

shed light on the microstructural features that influence their mechanical behavior for 

cutting applications. It was revealed that the more compatible coefficient of thermal 

expansion of Zr(C,N) with the substrate, the better cohesive strength at the grain 

boundaries and the plastic deformation were found to assign to the Zr(C,N) coated 

hardmetal better structural integrity and fracture toughness in comparison to Ti(C,N) 

[1,2]. In the present work, unexplored other microstructural characteristics related to 

the grain boundary complexions and crystal shapes of Ti(C,N) are investigated. State 

of the art characterization techniques were used such as high-resolution secondary ion 

mass spectrometry imaging (nano-SIMS) and atom probe tomography (APT) to 

investigate compositional variations and segregations with increasing deposition 

temperature (885°C and 930°C) using a moderate temperature CVD process (MT-

CVD). It is shown that segregation of chlorine at the grain boundaries is affecting not 
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only the grain size of the columnar crystals, but texture and crystal shapes are indeed 

affected and modified as the chlorine concentration is decreasing. Approaches to tailor 

the microstructure of these compounds are discussed and suggested. 
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In line with the spectacular improvement and emergence of new physical properties in two-dimensional 
(2D) van der Waals (VdW) heterostructures, the curvature and confinement effects provided by the 
reduced dimensionality of 1D VdW heterostructures make them highly attractive. Fabricating these high 
quality heterostructures requires a synthesis approach capable of controlling the epitaxial deposition at 
the atomic scale. Based on self-limiting gas-surface reactions, Atomic Layer Deposition (ALD) has 
proven to be ideally suited for the fabrication of functional hetero-nanostructures, such as carbon 
nanotube (CNT)-based materials [1]. We have previously reported the use of a two-step ALD process 
of hexagonal BN (hBN) for the elaboration of hBN/CNT heterostructures [2]. Briefly, multi-wall CNTs 
were successfully coated with a controlled layer of polyborazine within the first ALD step and then 
annealed at high temperatures to convert the polyborazine into crystalline hBN [3]. 
 
Herein, the fabrication and advanced characterization of 1D VdW heterostructures made of single-wall 
CNTs coated with hBN will be discussed. It is worth mentioning that no functionalization of the starting 
material is performed before ALD. Particular attention will be paid to the influence of the starting single-
wall CNTs, especially the effect of their curvature, crystallinity and bundle packing on the hBN layer in 
terms of quality and coverage. For instance, advanced analytical transmission electron microscopy and 
Electron Energy Loss Spectroscopy (EELS) allow us to observe a complete and homogeneous 
coverage of the bundles around their circumference. However, when CNTs are detached from the 
bundle after ALD, they are not homogeneously covered, which suggests that the precursors do not 
diffuse to the individual CNTs within the bundle (Figure 1). Furthermore, features of the EELS spectra 
permit to highlight the high-quality of the BN layer. 

 
Figure 1. Scanning TEM images of torn bundle of BN coated single-wall CNTs and its corresponding 

C (red), B (yellow) and N (green) elemental EELS mapping.  
 
References 
1. Marichy C. et al., Coordination Chemistry Reviews 257, 3232-3253 (2013). 
2. Hao W. et al., ChemNanoMat 3, 656–63 (2017). 
3. Matsoso B. et al., Journal of Physics: Materials 3, 034002 (2020). 
 

* Corresponding author e-mail:  catherine.marichy@univ-lyon1.fr 

 

43

mailto:catherine.marichy@univ-lyon1.fr


ALD of Unique Magnetic Thin Films 
 

Topias Jussilaa,*, Anish Philipa, Maarit Karppinena 
 

a Department of Chemistry and Materials Science, Aalto University, Kemistintie 1, Espoo, FI-00076 Aalto, Finland 

 
Magnetic and multiferroic thin films are vital for next-generation electronic and spintronic devices. For 
instance, room-temperature multiferroic materials could enable high-density magnetic memory devices 
where data would be written electrically and read magnetically. However, the state-of-the-art magnetic 
and multiferroic materials typically have complex chemical composition including critical elements and 
their (room-temperature) functional properties do not meet the requirements of the next-generation 
applications. Fortunately, there is one highly promising multiferroic material, namely, ε-Fe2O3, which 
has a unique set of material properties; it is an ultra-hard room-temperature ferromagnet, ferroelectric, 
and it exhibits magnetoelectric coupling and zero-field ferromagnetic resonance.[1] Moreover, this 
simple iron oxide is composed of Earth-abundant, low cost, and biocompatible elements. The only 
drawback is the metastability of the ε-Fe2O3 polymorph; it is easily transformed to the more stable 
α-Fe2O3 (hematite) and γ-Fe2O3 (maghemite) phases. Therefore, the synthesis of phase-pure ε-Fe2O3 
has been notoriously challenging which has hindered its potential for practical applications. Excitingly, 
the atomic layer deposition (ALD) technique has turned out to be superiorly suited for the deposition of 
in-situ crystalline and amazingly stable ε-Fe2O3 thin films from simple precursors (FeCl3 and H2O) in the 
temperature range of 260 – 300 °C.[2] 
 
Here we first of all demonstrate the excellent quality of the ALD-grown ε-Fe2O3 thin films, using a variety 
of characterization techniques. 57Fe Mössbauer spectroscopy measurements, realized by piling multiple 
ε-Fe2O3 films deposited on gamma-ray-transparent polyimide substrate to achieve sufficient signal, 
show that the hematite impurity level in the films was only ~2% (Fig. 1a).[3] This is most important not 
to affect the magnetic properties of the film. The room-temperature magnetic coercivity of our ALD-
grown ε-Fe2O3 films is appreciably high, 2 kOe, which is in the range required for magnetic data storage 
devices. Moreover, through our simple ALD process, the ε-Fe2O3 films can be deposited on 3D 
substrates which creates new possibilities in terms of nanostructuring and modifying the fine magnetic 
properties through dimensional effects. The deposition process is also independent of the substrate 
material used (Si, glass, polymer). Furthermore, the magnetic properties of ε-Fe2O3 can be modified 
through metal substitution by utilising other metal halide precursors such as AlCl3. 
 
Optical switching of magnetic devices is a topic of high interest, as it could enable ultra-fast and high-
efficiency control over magnetic state of individual magnetic grains through light irradiation. Typically, 
this has been pursued through molecular metalorganic magnets with intrinsic magnetic properties 
significantly inferior to inorganic magnetic materials. Combination of molecular layer deposition (MLD) 
and ALD provides an extremely exciting alternative approach to optical switching. We have 
demonstrated the deposition of ε-Fe2O3:azobenzene superlattice thin films using azobenzene-4,4’-
dicarboxylic acid as the organic precursor.[4] The ALD/MLD-grown ε-Fe2O3:azobenzene thin films are 
highly crystalline (ε-Fe2O3 phase; Fig. 1b) and stable in ambient conditions and, importantly, the hard 
ferromagnetism is not lost upon inserting the organic monolayers in the inorganic matrix. Amazingly, in 
consequence of the reversible trans-cis photoisomerization of azobenzene, the magnetic properties of 
the ε-Fe2O3:azobenzene films can be reversibly controlled through UV/Vis irradiation (Fig. 1c). Thus, 
the ALD/MLD-grown inorganic-organic superlattices offer a prospective solution to achieve 
simultaneously both optical switching and the excellent magnetic properties of ε-Fe2O3-based thin films. 
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Figure 1. a) Polyhedral representation and Mössbauer spectrum of ε-Fe2O3. Blue, green, red, and 
yellow colours of the spectral lines correspond to the different Fe sites of the ε-Fe2O3 crystal structure. 
The weak grey line corresponds to the small hematite impurity. b) Illustration of ALD/MLD supercycle 
sequence and GIXRD patterns of the ε-Fe2O3:azobenzene superlattices (n refers to the number of 
supercycles, and thus, number of organic monolayers; m refers to the number of ε-Fe2O3 ALD cycles 
within each supercycle, which determines the thickness of each individual ε-Fe2O3 block in the 
superlattice structure (written in brackets for each GIXRD pattern)). c) Effect of UV/Vis exposure on 
magnetic properties; both magnetic coercivity and remanent magnetization are increased by UV 
exposure and decreased back to the original state by visible light irradiation. 
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Cobalt disulfide (CoS2) is known for its intrinsic magnetic properties and was recently identified as a 
Weyl-semimetal, which makes it an appealing material for advanced spintronic devices with potential 
applications for the development of spin to charge conversions.[1] This application requires high-quality, 
phase pure CoS2, which is challenging to realize due to the numerous stable cobalt sulfide phases that 
can co-exist, namely CoS2, Co2S3, Co3S4, Co1-xS, CoS, Co9S8 and Co4S3. 
 
Although chemical vapor deposition (CVD) is capable of fabricating large area, highly quality and 

conformal films, the phase control with this method is demanding and is strongly dependent on 

deposition temperature and precursor choice. To date, there has been only one report on an aerosol 

assisted CVD process that yielded phase pure CoS2.[2] 

 

This motivated us to develop a new MOCVD processing route for phase pure CoS2. The precursors that 

have priorly been used for cobalt sulfides are sulfur coordinated with poor volatility and thus are usually 

employed in AACVD conditions. In our recent study, we employed an all-nitrogen-coordinated cobalt 

precursor, namely [Co(gDAS)2] (1) (Figure 1 a)), and elemental sulfur as the co-reactant in the MOCVD 

process.[3] 

 

Process optimization was carried out on Si(100) to obtain crystalline and phase pure CoS2 and was 

validated by XRD, Raman spectroscopy, RBS/NRA and XPS. These measurements revealed that phase 

pure polycrystalline CoS2 was deposited at temperatures between 350 °C and 400 °C. Increasing the 

temperature beyond 400 °C, led to formation of mixed sulfide phases (Figure 1 b)). 

 

Superconducting quantum interference device (SQUID) measurements were performed to determine 

the magnetic moment and the Curie temperature (TC), which is significantly affected by small deviations 

of the sulfur content. A ferromagnetic behavior below a TC of 128 (5) K and a magnetic moment of 

0.85 μB per Co atom were estimated, which are in accordance with literature reported values for phase 

pure and crystalline CoS2. (Figure 1 c) and d)). These magnetic measurements further confirmed the 

formation of phase pure CoS2 layers. The new processing CVD route to obtain large area phase pure 

CoS2 is a very promising development in the field of transition metal sulfides for magnetic applications 

and may help to pave the way of transition metal sulfide MOCVD processing in the context of advanced 

spintronics. 
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Figure 1. a) Lewis structure and solid state structure of [Co(gDAS)2] (1). The H atoms are omitted for 
the sake of clarity. b) XRD patterns of cobalt sulfide thin films grown on Si(100) as a function of 
deposition temperature. Assignment of the obtained reflexes was done with reference patterns for CoS2, 
β-CoS1.097 and Co9S8 taken from PDF no. 00-041-14711, PDF no. 00-019-0366 and PDF no. 00-019-
0364), respectively. SQUID measurements of cobalt disulfide film: c) M(H) hysteresis curve at 2 K and 
300 K with the enlarged view between −200 mT and 200 mT in the inset. d) The graphical estimation of 
the Curie temperature (Tc).  
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Single-Step PEDOT deposition by oxidative chemical vapor 
deposition for opto-electronic applications 

Abderrahime Sekkata,*, Benjamin Breiga, Diane Samelorb, Eleni Poupakia, Panagiotis Doxasb, Nicolas 
Causseb, Hugues Vergnesa, Constantin Vahlasb, Brigitte Caussata,* 

aLGC, Université de Toulouse, CNRS, Toulouse, France. 
bCIRIMAT, Université de Toulouse, CNRS, Toulouse, France 

Conjugated polymer Poly (3,4-ethylenedioxythiophene) PEDOT represents an excellent candidate as 
transparent conducting material (TCM) due to its high optical transparency, high electrical conductivity, 
and promising mechanical flexibility[1,2]. This was demonstrated in previous works from our group, 
where an emerging approach, known as oxidative chemical vapor deposition (oCVD), was used to 
develop stable PEDOT thin films through gas phase injection of 3,4-ethylene dioxythiophene (EDOT) 
as monomer and oxidants (i.e. FeCl3 or SbCl5) [3-5]. It is a dry, one-step technique that allows for the 
precise deposition of high-quality PEDOT films at low temperature (20-200°C) and under reduced 
pressure (50-70 Pa), allowing conformal coatings on complex substrates and effective device 
integration while avoiding solvent-substrate issues[5,6]. A thorough correlation between deposition 
conditions and film structure, using the cheapest and least toxic molecules SbCl5, has revealed a 
panel of promising properties including a high optical transmittance (>90% at 550 nm) and quite 
smooth surfaces (RMS ranging from 4 nm to 8 nm) [3]. Further, these works highlight the 
importance of the reaction chamber design, precursor delivery system and deposition conditions on 
the properties of the resulting layers[3,4]. 

Herein, we have developed a tubular hot wall oCVD reactor, using EDOT as monomer and SbCl5 as 
oxidant (Figure 1a). Seven glass (B, D, E, and F) and silicon (A, C, and G) substrates are placed all 
along the reactor length (Figure 1b). Further, we have extensively investigated the influence of some 
key deposition conditions (substrate temperature and coating time) on the deposit morphology, 
structure, chemical composition, and deposition rate and on their optical transparency and electrical 
conductivity. Among the numerous results obtained, it can be emphasized that deposition rates are 
uniform along the reactor length for specific temperatures. The electrical conductivity is spatially 
uniform for all the temperatures tested. These findings correlate with an in-depth analysis of the film 
structure and composition, in particular with XRD results demonstrating a strong face-on orientation of 
the films, corresponding to the quinoid conductive form of PEDOT. FTIR spectra confirm the 
presence of a quinoid structure related the C=C asymmetric stretching vibration at ~ 1520 cm-1 
and a successful polymerization of intact EDOT monomer units. This paves the way for improving the 
intrinsic properties of PEDOT thin films allowing efficient integration into next-generation solar cells 
and OLED devices. 
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Figure 1. a). Schematic of the oCVD system used for the deposition of PEDOT thin films with EDOT 
and SbCl5 inside the hot wall reactor, and b). Schematic view of the 30 cm platen on which seven 
samples are placed, samples A, C and G being silicon substrates and samples B, D, E and F being 
borosilicate glass substrates. 
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Epitaxial LiNbO3 thin film with controlled nonstoichiometry for 
acoustic wave devices 
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Spinaa, Pascal Bouletd, Samuel Marguerona, and Jean-Manuel Decamsc 
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Radio-frequency (RF) filters are widely used in the field of telecommunications (smart phones, wi-fi, 
Bluetooth, automotive navigation, etc.). The next generation of radiofrequency (RF) telecom 
applications urgently requires filters operating at frequencies above 3 GHz, particularly operating in the 
C-Band (4–6GHz). The conventional RF surface acoustic wave (SAW) filters are presently mainly 
fabricated on LiNbO3 (LN) and LiTaO3 (LT) single crystal substrates. The frequency of SAW devices is 
defined by the period of interdigitated transducers (IDTs) and by the SAW phase velocity. So far, the 
frequency of RF SAW filters, produced at the industrial scale, is limited to about 3.2 GHz. New low-loss 
materials with sufficiently high electro-mechanical coupling (K2) and high acoustic velocities are needed 
to achieve SAW filters at the above-mentioned frequencies. A promising approach to satisfy this 
demand is to use guided acoustic waves in the piezoelectric layers. Combining composite wafers with 
an epitaxial piezoelectric layer and a said high velocity and acoustic quality substrate is a promising 
way to answer those demands. However, the fabrication of high-quality LiNbO3 films with reproducible 
physical properties is complicated by the difficulty in controlling volatile Li2O incorporation into the film 
and of measuring its composition [1]. So far, large-scale production of films with physical properties 
suitable for the targeted applications is not available. The deposition of alkaline niobate-based films 
with good piezoelectric properties is still not satisfactory due to deviations in stoichiometry and loss of 
volatile alkali oxides during preparation. 
Direct liquid injection metalorganic chemical vapor deposition (DLI-CVD, Annealsys) technique was 
used to grow LN thin films on various substrates using tetramethylheptanedionate precursors, Li(thd) 
and Nb(thd)4. In the case of SAW devices, proper propagation axis is demanded. Thus, particular effort 
was done to achieve growth of films with single crystallographic orientation. Epitaxial relationships and 
structural properties of the deposited films are investigated using X-ray diffraction (XRD) and scanning 
electron microscopic (SEM) techniques. Single crystalline quality films were obtained on sapphire 
substrates with the mosaicity comparable to that of the substrates. As lithium nonstoichiometry in 
LiNbO3 films is critical parameter defining high acoustical performance, Li incorporation in the films was 
studied in details  by varying deposition conditions. Li concentration in the films was estimated by means 
of Raman spectroscopy. Particular effort was done to achieve films with controlled Li2O composition 
(Fig. 1a) and homogeneous distribution over 4 inch wafers.  
Extremely high acoustic performance (quality factor, Q, up to 700, K2 up to 8%) in SAW devices based on 
Z-LiNbO3 thin films was achieved in the frequency range from 3.7 GHz to 5.3 GHz (Fig. 1 b)  [2]. This quality 
of the layers makes it possible to manufacture SAW filters operating around 6 GHz using standard industrial 
technology.  
The demands of the RF filter market are pushing for the development of new piezoelectric materials also 
for bulk acoustic wave (BAW) devices to meet the challenges of modern telecommunications. BAW filters 
withstand better high-power densities, necessary at high-frequencies, than SAW filters. BAW filter 
technology requires integration of LiNbO3 layers with Si-based heterostructures including bottom electrode 
to replace devices based on standard AlN layers limited in electromechanical coupling, K2, (= narrow 
bandwidth) at high frequency for high-frequency broadband or agile low-frequency filters of 5th generation 
(5G) telecommunications. In the literature, only layers of LiNbO3 oriented along the c-axis, offering a K2 
equivalent to AlN, have been obtained by deposition methods on Si structures. Therefore, top-down 
methods (ion slicing or wafer bonding-polishing techniques) are considered for this purpose although 
the presicion control of thickness (definition of frequency) and its homogeneity remains a challenge. We 
have demonstrated a direct textured growth of 33°Y-LN on BAW structures using a patented buffer 
layer [3]. The K2 of the longitudinal mode of 33°Y-LN is almost four times higher than that of the standard 
AlN layer. The HBAR resonators based on deposited 33°Y-LN films were fabricated up to frequencies 
of 7.5 GHz (Fig. 2). 

50



 
 

 
Fig.1 (a) Comparison of the Raman spectra of the LN layer with the almost stoichiometric composition 
and of the LN single crystal with the congruent composition. The width of the modes is dependent on 
the concentration of nonstoichiometry defects. (b) High-frequency acoustic response of a single-port 

SAW resonator based on a thin layer of Z-LN on sapphire [2]. 
 

 
Fig. 2 HBAR resonator based on deposited 33°Y-LN films, operating at ~ 5GHz. 
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Interfacial Engineering of Batteries and Solar Energy Materials 
using Atomic Layer Deposition 

 
Neil P. Dasguptaa,b,* 
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Nanomaterials offer several advantages for energy conversion and storage devices including high 
surface areas, short transport distances, and tunable material properties. However, the ability to 
precisely control the properties of surfaces and heterogeneous interfaces limits the performance of 
many applications. To address these challenges, in this talk, I will describe key advances in the 
application of Atomic Layer Deposition (ALD) for the atomically-precise modification of surfaces and 
interfaces. 
 
I will demonstrate how ALD modifications can allow for rational control of interactions at heterogeneous 
interfaces, which can be used to tune the optical, electronic, thermal, and mass transport properties of 
integrated material systems. This enables exquisite control of energy, charge, and mass transfer 
processes across physical and chemical boundaries. I will describe examples of the ALD process for 
modification of electrode-electrolyte interfaces with an emphasis on advanced batteries [1-3] and solar 
photochemistry [4-5], and provide a perspective on the design and manufacturing of energy material 
systems at length scales ranging from atoms to meters. 
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Undesired side-reactions at the electrode-electrolyte interface (such as e.g. electrolyte oxidation) form 
a major challenge towards further performance enhancements for lithium-ion batteries (LIB’s). In 
literature, the use of atomic layer deposition (ALD) to apply a conformal and ultra-thin protective coating 
(such as e.g. Al2O3) on the electrode surface has shown to be a promising approach to circumvent 
these unwanted side-reactions [1]. Metal phosphates have shown to be an interesting class of materials 
to this end, due to their high stability. Several metal phosphates have been deposited by ALD [2], and 
for crystalline Li3PO4 films deposited by ALD a lithium-ion conductivity of 1.4 x 10-10 S cm-1 with an 
activation energy of 0.92 eV has been reported by Put et al. [3]. This relatively poor conductivity may 
hamper lithium transport through a coated electrode. Although the use of a sub-nanometre thickness 
limits the impact of the poor ionic conductivity, it is important to note that it is never completely 
suppressed [4]. For that reason, we want to boost the inherent ionic conductivity of the protective 
coating by exploring borates and borophosphate mixtures. It has been shown, although using other 
deposition techniques, that the inclusion of borate species can enhance the ionic conductivity of lithium 
phosphate [5]. The downside of metal borates is their smaller stability window compared to that of 
corresponding metal phosphates. Hence, we aim to combine the good ionic conductivity property of 
borates and stability of phosphates, into an intermixed lithium borophosphate coating, for which the 
composition and thus electrochemical properties can be steered by ALD.  
 
For lithium borates, so far only one ALD process has been reported by Kazyak et al [6]. However, they 
observed considerable carbon contamination and were not able to deposit pure lithium borate. In this 
work, an ALD process is developed for the deposition of lithium borate with approximately < 5 at.% 
contaminants, which is then combined with lithium phosphate for the deposition of lithium 
borophosphate protective LIB coatings. 
 
By combining lithium bis(trimethylsilyl)amide (LiHMDS), H2O and trimethylborate (TMB), linear growth 
with a growth of 0.04 nm/cycle is obtained at 250 °C. At this temperature, growth saturation is observed 
for LiHMDS, H2O and TMB, indicating ALD like growth (Fig. 1). XPS measurements confirm the 
successful deposition of a lithium borate thin film, including only a small amount of contaminants, e.g. 
C (~2 at.%), Si (~1 at.%) and N (~1 at.%) originating from the precursor. By measuring the resistance 
using through-plane impedance spectroscopy measurements, the conductivity of a lithium borate thin 
film of 81 nm deposited at 250 °C is calculated to be 1.60 ± 0.03 x 10-7 S cm-1 at 30 °C, with an activation 
energy of 0.58 ± 0.01 eV. Initial results indicate that the borate/phosphate ratio affects the stability of 
the film (Fig. 2). To obtain an idea of the stability of the film, cyclic voltammetry was used. At higher 
voltages, electrolyte oxidation and thus unwanted side-reactions will occur. By depositing a lithium 
borophosphate coating on top of the electrode, we want to prevent this electrolyte oxidation as long as 
possible, meaning we should be able to cycle the thin films to an as high as possible voltage. As seen 
from figure 2, the stability of the coating decreases as the amount of lithium borate cycles increase. 
These promising results therefore indicate that finding the optimal coating will be a trade-off between 
the conductivity and the stability and will depend on the intended application. 
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Figure 1: Saturation behavior of LiHMDS, H2O and TMB during the deposition of lithium borate at 250°C 
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Figure 2: Upper stability voltage for lithium borate (LBO) and different borophosphate 
compositions (x:y). x:y represents the Li3PO4 to lithium borate ALD cycles ratio, e.g. 9:1, meaning 
9 LiHMDS and TMP ALD cycles to 1 LiHMDS, H2O and TMB ALD cycle. 
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Spatial ALD on porous substrates for energy applications 
 

Corné Frijters, Paul Poodt* 
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One of the greatest challenges for the coming decade is the transition to a sustainable way of 
generating, storing, and converting energy. High performance batteries, fuel cells, electrolyzers and 
solar cells are part of the solution, but still face many challenges that need to be solved. Efficiencies 
and capacities need to increase, the use of scarce and expensive materials needs to reduce and the 
life-time needs to improve. There are many examples where ALD has been used to improve on these 
aspects. For example, by applying thin and highly conformal films on porous substrates using ALD, the 
lifetime of Li-ion batteries can be improved, the loading of expensive catalyst materials in fuel cells and 
electrolyzers can be reduced and new devices such as 3D solid state batteries are enabled. 
 
In order to enable large-scale mass production of these applications, Spatial ALD can be used for high 
deposition rates on both large substrates (square meters) and roll-to-roll. Scaling-up Spatial ALD 
processes on large area porous substrates, however, can lead to problems with supply limitation; i.e. 
when the required precursor flow to cover a high surface area substrate exceeds the amount of 
precursor that can actually be supplied, e.g. due to a low vapor pressure. Furthermore, in case of very 
expensive precursors, it is required to maximize the precursor efficiency to minimize costs. 
 
The dependency of the precursor dose on aspect ratio, sticking coefficient and reactor pressure has 
been studied in great detail before. However, when substrate sizes and throughput increase beyond 
lab-scale, the effective surface area of porous substrates becomes the most important parameter. 
Furthermore, transport of precursor from the inlet towards the substrate and exhausts must be taken 
into account. We have developed a numerical model to solve the diffusion-convection-reaction equation 
for porous substrates in a spatial ALD reactor. The model combines parameters such as the porosity 
and effective area of the substrate with reactor dimensions, gas flow rates and deposition rate 
requirements to calculate and optimize the required precursor dose, precursor mass flow and utilization 
efficiency. 
 
We will discuss several important results from this model and introduce revised scaling laws for the 
precursor dose required to conformally coat pores. We will demonstrate how the model can help to 
optimize S-ALD processes and equipment. We will apply the model to two model cases: 1) Very high 
throughput, roll-to-toll S-ALD of battery electrode interface layers, where there is a significant risk that 
the deposition rate is limited by the precursor flow, and 2) S-ALD of IrO2 catalyst layers on porous 
supports for PEM electrolysis, where the Ir-precursor efficiency has to be maximized because of the 
extremely high precursor costs. 
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In the current drive for making our world sustainable new technologies are being researched and old 
technologies are being remade to fit into a sustainable model. Green hydrogen is an inevitable necessity 
for making large industrial processes sustainable and has been recognized as such by the EU [1]. 
However electrochemical water splitting for the production of hydrogen is currently still not a very 
efficient process. The main cause for this inefficiency lies on the oxygen evolution (OER) half-reaction 
of the process. This half-reaction involves the transfer of four electrons and is hampered by sluggish 
kinetics resulting in a significant overpotential [2]. 
 
In an attempt to overcome this problem, catalysts of transition metals garnered a lot of interest due to 
their availability, pricing and more environmentally friendly nature compared to classical OER catalysts 
based on Ir and Ru [3]. Oxides as well as phosphates of transition metals have been explored; the latter 
in some cases outperforming the former [4][5]. Nickel has shown to be one of the more OER-active 
transition metals, and doping or combining it with iron seems to further increase its performance [6]. 
Inspired by these results, atomic layer deposition (ALD) was used in this work to deposit and finetune 
the properties of a Ni-Fe ternary phosphate for its use as an OER-catalyst material. 
 
This material was deposited by alternating ALD cycles of Ni- and Fe-phosphate (denoted here as NiPO 
and FePO) at a substrate temperature of 300°C, where the resulting composition could be altered by 
varying the NiPO-to-FePO cycle ratio. Both separate processes have already been reported in literature 
and start with a 15 s trimethylphosphate plasma step (TMP*)  followed by a 10 s oxygen plasma step 
(O2*). For NiPO, this is followed by a 15 s nickelocene (NiCp2) pulse [7], while for FePO, it is followed 
by a 15 s tert-butyl ferrocene (TBF) step [8]. These processes both have a GPC of approx. 0,2 nm/cycle. 
A peculiar effect occurs where deposition of Ni becomes more favorable when NiPO is co-deposited 
with FePO as is shown in Fig 1. The XPS results also indicate that even though the GPC for both 
processes is similar the final deposited layers are rich in Ni (approx. 70% Ni for a 2 to 1 FePO to NiPO 
supercycle) as is clear in Fig 2. 
 
Ni-Fe phosphates with varying composition and thickness were deposited on a planar wafer with a 
conducting Ni-surface and tested in a rotating-disc electrode (RDE) set-up to quantify their 
electrochemical performance. Applying a coating with a selected composition of 4 NiPO to 1 FePO 
cycles improves the performance over a bare Ni-PVD substrate (Fig 3). A current density of 91 mA/cm2 
at 0.685 V vs Hg/HgO is obtained for this material which is 75% higher than the uncoated nickel disk 
(51 mA/cm2). It has also been observed that the pulsing order of the two sub-processes within a super-
cycle has an important impact on the resulting layer’s performance. If the FePO sub-cycle is pulsed 
last, the current density improves to approx. 150 mA/cm2.  
 
These results indicate that ALD is a promising technique for the deposition of catalytic materials due to 
the precise control that can be exerted over the thickness and composition of the material. Specifically 
the option to exert high control over the surface of the catalyst can be a big asset in researching catalytic 
materials. 
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Figure 1: Graph showing the increase 
in deposited nickel per cycle when the 
amount of NiPO in supercycles 
decreases. Fe content, added per ALD 
cycle, seems to remain more or less 
constant. All data in this figure was 
measured on samples with a film 
thickness between 10 and 20 nm. 

 
 
 
 
 

 
 
Figure 2: Ni/(Ni+Fe) ratio of the 
materials according to XPS 
measurements. The displayed trend is 
not in line with what is expected for two 
processes with very similar growth 
rates [9]. 
 
 
 
 
 
 
 
 
 

 
Figure 3: Cyclic Voltammograms of the 
NiFePOx (4 NiPO for 1 FePO) materials 
with different surface terminations. 
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Dramatic growth of information density and data related to the development of artificial intelligence (AI) 
necessitates increment in computing performance. Neuromorphic computing could, in addition, 
decrease the power consumption [1]. Electronic switches, also characterized by rather simple structure, 
are searched upon research and development of next-generation nonvolatile resistive random-access 
memory (RRAM) prototypes. Artificial mixing of different oxides and graphene as interface layer order 
to tailor their useful physical properties could allow the extension of their application areas including 
potential memory materials [2]. 
Chemical vapor deposited graphene can be transferred to Si/SiO2 or Si/TiN substrates or different metal 
oxide films. Thin layers of metal oxides, such as Al2O3, HfO2, ZrO2 or Ta2O5 can then be grown by 
plasma-assisted atomic layer deposition (ALD) on transferred graphene. Nanostructures containing 
graphene were, thus, synthesized and analysed, keeping in mind their potential applications in 
nanoelectronics (RRAM), and also nanosensors, electrodes for energy storage and harvesting devices. 
The metal oxide films have been deposited either in a commercial PicosunTM R-200 Advanced ALD 
system or in low-pressure flow-type home-build reactors. Graphene sheets were grown on commercial 
25 µm thick polycrystalline copper foils in an in-house built chemical vapour deposition (CVD) reactor, 
and transferred onto Si/SiO2 or Si/TiN or Si/TiN/metal oxide substrates by using a wet chemical 
transferring process described by Kahro et al. [3]. Thereafter, metal oxide layers could be grown on top 
of graphene in plasma-assisted processes without destruction of its integrity. 
According to the Raman analysis carried out after the ALD of metal oxides on top of the graphene, the 
G and 2D bands, as fingerprints of graphene, were slightly broadened, and the defect-related D-band 
remained of low significance (Fig. 1). Stacked nanostructures with graphene layer intermediating metal 
oxide insulators, devised as resistive switching media between top Ti, or Au, and bottom TiN electrodes, 
were studied comparatively with and without graphene interlayers. The switching processes could, 
apparently, be promoted in the devices supplied with conductive graphene interlayer, compared with 
the media consisting of insulating dielectric oxide films only. 

 
Figure 1. Micro-Raman spectra and Scanning electron microscope images of graphene-based nanostructures Si/SiO2/G and 

Si/SiO2/metal oxide. The deposition of the metal oxide film causes the increase of the D-band and by changing the precipitation 
parameters of ALD process we could to reduce the damage of graphene. 

Our findings have highlighted the correlation between ALD process parameters, appearance of 
structural defects in graphene, and electrical performance of stacked junctions containing graphene. 
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Owing to the valuable intrinsic properties of iridium metal, namely high chemical inertness, high 
mechanical strength, low electrical resistivity and high catalytic activity, nanostructured iridium thin films 
have been exploited in numerous applications. These properties of Ir metal are particularly useful for 
electro-catalytic water splitting applications and especially for the hydrogen evolution reaction (HER). 
One promising method to produce such nanostructured iridium metal thin films is metal-organic 
chemical vapor deposition (MOCVD). Yet, highly reactive, thermally stable, and volatile Ir precursors 
remain a scarcity in the available precursor library. In pursuit of better performing Ir precursors, we 
designed and developed three new and closely related volatile Ir(I)-1,5-cyclooctadiene complexes 
bearing all-nitrogen coordinating (di-iso-propyl)-guanidinate (DPDMG), (di-iso-propyl)-amidinate 
(DPAMD) and (di-iso-propyl)-formamidinate (DPfAMD) ligands (Fig. 1). [1] They were analyzed by 
nuclear magnetic resonance (NMR) spectroscopy, X-ray diffraction (XRD) and mass spectrometry 
(MS), which evidenced the structural motifs of the complexes in the liquid, solid and gaseous phase. 
The structural investigations confirmed the high purity of the obtained complexes and indicated a 
dinuclear nature of [Ir(COD)(DPfAMD)]2 even in the gaseous phase, while the complexes 
[Ir(COD)(DPDMG)] and [Ir(COD)(DPAMD)] retained a mononuclear nature. The evaporation properties 
of the Ir(I) complexes, highly relevant for MOCVD experiments, were investigated by thermogravimetry 
(TG) experiments. [Ir(COD)(DPAMD)] was found to be the most volatile, features highest thermal 
stability among the three complexes and cleanly decomposes to iridium metal at higher temperatures 
(> 210 °C) (Fig. 2). Consequently, [Ir(COD)(DPAMD)] was chosen as precursor in MOCVD experiments 
for the deposition of Ir metal thin films in a broad temperature range of 300 °C to 800 °C with and without 
O2 as the co-reactant (Fig. 3). With the addition of O2 as co-reactant, the resulting films are dense, 
highly crystalline with a predominant (100) orientation and exhibit a smooth surface. Rutherford 
backscattering spectrometry (RBS) and X-ray photoelectron spectroscopy (XPS) measurements 
revealed a high iridium content of greater than 90 at.% at deposition temperatures reaching from 400 

°C to 600 °C, while the films are approaching the bulk resistivity of Ir (5.33 μΩ‧cm) in this temperature 

range. The electrochemical activity (HER) of the Ir films on FTO-coated glass substrates were 

evaluated. An outstanding performance with overpotentials of 53 mV and 50 mV at –10 mA‧cm-2 could 

be achieved for films grown at 400 °C to 500 °C, which strongly underlines the quality of the obtained 
iridium films. This is a first example of evaluating CVD grown layers for HER applications. The present 
results set a new milestone in the applicability of metallic iridium films deposited by MOCVD for water 
splitting applications using tailor-made Ir precursors. 
 
 

 
 

Figure 1. Schematic drawings of the different molecular structures of the precursors investigated in this 
study. 

 
 

61



 
 
Figure 2. TG analysis of the three different potential precursors from RT to 500 °C at atmospheric 
pressure. As insets, a picture of the metallic residues from [Ir(COD)(DPAMD)] after heating to 550 °C 
and the corresponding XRD pattern which indicates metallic iridium formation. 

 

 
 
Figure 3. Scanning electron micrographs of films deposited at different deposition temperatures by 
MOCVD using [Ir(COD)(DPAMD)] and O2 as precursors. 
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Our group reported previously [1] off-stoichiometric copper-chromium delafossite (Cu2/3Cr4/3O2) with 
long chains of copper vacancies as source of high p-type electrical conductivity and adequate optical 
transparency. The small polaron conduction mechanisms present in this class of materials leads to low 
values of mobilities (< 0.1 cm2/ (V.s) – Bosman-Van Daal limit).  One way to ameliorate this is to 
engineer the energetic band structure by the means of induced strain. For this purpose, delafossite thin 
films were grown by metal organic chemical vapour deposition (MOCVD) on substrates with different 
thermal expansions and to evaluate the effect of induced thermal strain on delafossite thin films (caused 
by the mismatch between the coefficients of thermal expansion of the substrate and the delafossite) 
was evaluated. Seebeck coefficient and resistivity measurements were performed on the range of 300-
850 K. The Arrhenius relation has shown two different electrical conductivity behaviours over 
temperature with two distinct activation energies; this crossover point lies around the deposition 
temperature (Figure 1), where the transition from tensile to compressive strain takes place. These 
results might open the possibility of tunning the electrical properties of TCOs by engineering of the 
substrate-film interface. 
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Figure 1 – Normalised Electrical resistivity (ρ/ρ0), carrier concentration (p/p0) and mobility (µ/µ0) as function of 

temperature. 
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The emerging field of quantum technology introduces revolutionary methods of computation, 

communication, and sensing. Notably, quantum computers are envisioned to provide a leap in 
capabilities, such as the simulation of extremely complex systems in chemistry and materials science. 
However, the transition from the current, noisy, intermediate stage to large-scale, fault-tolerant quantum 
systems requires major material advances. Among the leading architectures to realize large-scale 
systems are superconducting quantum circuits, where low defectivity, low impurity levels, and sharp 
interfaces are key. In addition, scalable fabrication methods must be developed, keeping in mind the 
downscaling of circuit features necessary to make these systems viable. 

To this end, the atomic-level growth control and compatibility with large-scale fabrication of 
atomic layer deposition (ALD) show great promise. Yet, the number of studies on ALD of 
superconducting materials for quantum circuits remains comparably low. Moreover, preparation of 
highly-conductive metal (nitrides) by ALD remains challenging, even with the additional energy supplied 
to the growing surface in plasma-enhanced ALD (PEALD). 

To prepare high-quality superconducting films, we apply an RF bias to the substrate to enhance 
the energy of the bombarding ions in PEALD. The ion-energy control, here investigated in the ~25 – 
250 eV range, can be employed as a tuning knob for various material properties, leading to significant 
improvements in e.g. film microstructure and conductivity [1,2]. The studied material is TaCxN1-x, 
motivated by the record coherence times achieved with Ta in superconducting qubits [3,4]. As co-
reactants the TBTDMT precursor and an Ar-H2 plasma are used at a deposition temperature of 250 °C.  

Through extensive characterization, we observe a clear trend of beneficial effects of energetic 
ions on the material properties, followed by an onset of material degradation for excessive ion-energy 
enhancement. For example, for ~19 nm films prepared without RF substrate biasing a lateral room-
temperature resistivity of 1.4x104 µΩ cm is measured, while a 20 W RF bias power yields 239 µΩ cm. 
An increase of the bias power to 35 W results in a slightly higher resistivity of 283 µΩ cm. The mass 
density as measured by XRR also displays an optimum around 20 W. TEM imaging reveals energetic 
ions promote a larger grain size and coalescence. In addition, XPS measurements show mitigation of 
O impurity incorporation and tunability of the TaCxN1-x composition through ion-energy control. Ion-
energy enhancement is also essential for the preparation of ultrathin superconducting films. For 11 - 40 
nm films prepared with 20 W RF bias power a consistently high critical temperature (Tc) for 
superconductivity of around 7 K is found. Considering the absence of a decay in Tc when moving to 11 
nm thin films, this process is particularly promising for the fabrication of ultrathin low-loss 
superconducting devices. 

In this contribution, we will discuss how ion energy-control in PEALD can be used to tune 
material properties, including the relation with the superconducting transition. In addition, the suitability 
of the prepared ultrathin superconducting films for quantum circuits will be considered. 
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Figure 1 Schematic 
of a generic PEALD 
cycle (B1- B4), with a 
zoom of the plasma 
step depicting three 
degrees of ion 
bombardment: (C1) 
virtually no ions, (C2) 
beneficial effects of 
ions, such as atomic 
ordering and impurity 
removal, and (C3) 
potential detrimental 
effects of 
ions. Figure taken 
from [2]. 

Figure 2 Improved 
resistivity (red) and 
grain size (black) by 
ion-energy 
enhancement 
through RF substrate 
biasing. For 0 W and 
20 W RF bias power 
top-view HAADF-
STEM images are 
shown, depicting film 
closure as a result of 
energetic-ion 
bombardment. 

Figure 3 
Superconductivity  in 
~19 nm TaCxN1-x 
films achieved 
through RF substrate 
biasing, displaying 
an optimum in ion-
energy 
enhancement. The 
error bars for 0 W 
and 9 W RF bias 
power indicate no 
superconducting 
transition was 
recorded above a 
temperature of 2.4 K. 
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Precise doping and alloying of 2D transition metal dichalcogenides using 
plasma-enhanced atomic layer deposition 
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2D transition metal dichalcogenides (TMDs) have many unique properties such as high electronic mobilities 
and a large surface-to-volume ratio, making them promising materials for various applications in, for 
example, nanoelectronics and catalysis. In particular, alloys of 2D TMDs or doped 2D TMDs hold great 
potential due to their composition-controlled properties, making them more versatile than pure TMDs. 
Atomic layer deposition can be used to synthesize thin films of such ternary TMDs with sub-monolayer 
growth control, making this method relevant for applications that demand fine control over material 
structure and properties such as nanoelectronics and catalysis. 
 
Here I will present how we employ plasma enhanced atomic layer deposition (ALD) to achieve highly 
controllable growth of the ternary 2D TMDs MoxW1-xS2, NbxW1-xS2, and AlxMo1-xS2 at low deposition 
temperatures (< 400 ℃). Pure MoS2 and WS2 are both semiconductors and their transition metals are 
isovalent, making MoxW1-xS2 a good case study for a bandgap-tunable semiconductor alloy [1]. On the other 
hand, NbS2 is a metallic TMD and Nb is a group-5 transition metal whereas W is a group-6 transition metal, 
such that NbxW1-xS2 is a relevant case study for electronic applications for which a doping effect is desired. 
Al, being a group 13 element, is a somewhat unlikely dopant for MoS2, but we have shown that Al doping of 
MoS2 leads to sough after p-type doping [2]. 
 
The ternary 2D TMDs are grown directly onto thermal oxide silicon wafers by alternating deposition cycles of 
the constituent TMDs in a supercycle scheme. In this way, we observe near-ideal growth in all three cases 
without heteronucleation delays. Furthermore, the composition of the alloys is found to be in line with the 
ideal rule of mixtures. This well-behaved nature of the deposition process and the cyclic nature of ALD enable 
us to control the atomic ordering of the alloys both in-plane and out-of-plane. We demonstrate this directly 
by atomic resolution HAADF-STEM imaging. In addition, the potential of these 2D alloys synthesized by ALD 
for application in nanoelectronics and electrocatalysis will be demonstrated.  
 
 
[1] J. J. P. M. Schulpen et al.  2D Mater. (2022), 9, 025016 
[2] V. Vandalon et al. ACS Appl. Nano Mater. (2020), 3, 10200 

  
 
 

67



Advanced Process Design for Low-Temperature PEALD of 2D 
Transition Metal Dichalcogenides 

Miika Mattinena,b*, Marcel Verheijena, Erwin Kesselsa, Ageeth Bola,c 
 

a Eindhoven University of Technology, PO Box 513, 5600 MB Eindhoven, The Netherlands 
b Present address: Department of Chemistry, University of Helsinki, PO Box 55, 00014, Finland 

c Department of Chemistry, University of Michigan, 930 N. University Ave, Ann Arbor, MI, 48109, USA 

 
Two-dimensional transition metal dichalcogenides (TMDCs) have a broad range of potential 
applications as a result of their extraordinary electronic, optical, and mechanical properties. The diverse 
TMDC family contains both semiconductors (e.g. MoS2, WS2) and (semi)metallic materials (e.g. TiS2, 
NbS2). However, synthesis of high-quality, wafer-scale TMDC films under industrially relevant 
conditions remains a challenge. To this end, several TMDC (PE)ALD processes compatible with back-
end-of line semiconductor processing (T ≤ 450 °C), have been developed by us[1,2] and others.[3]   In 
contrast, considerably fewer options are available for direct deposition on plastic substrates for flexible 
applications (T ≤ 150 °C). 
 
Recently, we demonstrated deposition of TMDCs including MoS2, TiS2, and WS2 at record-low 
temperatures down to 100 °C by controlling plasma chemistry.[2] The key to this is the addition of a 
sufficient amount of H2 into H2S-based plasma, which prevents incorporation of excess sulfur into the 
films. With the correct stoichiometry thus reached, crystalline films can be deposited on SiO2/Si as well 
as plastic substrates. However, extensive characterization of MoS2 films showed that some of the 
hydrogen incorporates into the films and acts as a dopant. In addition, the most crystalline films also 
present a rough morphology (Fig. 1, top part). 
 
To better tailor films for applications including electronics and electrocatalysis, we set to design 
advanced ABC type processes consisting of two separate plasma steps. This allows for different 
atomistic processes such as ligand removal, sulfur incorporation, and enhancement of crystallinity by 
low energy ions to be more effectively decoupled. As an example, we introduced an additional hydrogen 
plasma step (C step) instead of mixing it into the H2S/Ar plasma (B step). This results in MoS2 films with 
improved crystallinity, decreased H impurity incorporation, and improved semiconducting 
characteristics, including increased carrier mobility and decreased carrier density (Fig 1, bottom part). 
  
The ABC approach offers many opportunities for tailoring film growth and properties via use of different 
plasma gases and conditions. For example, using an Ar plasma C step instead of H2 plasma further 
decreases H impurities and carrier density, albeit at a cost of decreased crystallinity and throughput. As 
another example, applying an H2 plasma C step only every 10 ALD cycles instead of every cycle results 
in smooth, crystalline multilayer TMDC films, as formation of out-of-plane oriented “fins” is suppressed. 
Besides tailoring of film properties, I will describe our mechanistic understanding of advanced PEALD 
processes operating at conditions compatible with flexible electronics as well as other applications with 
a low thermal budget. 
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Figure 1. Schematic and selected film properties using advanced MoS2 PEALD processes at 150 °C. 
Top row: AB type processes where H2 flow ratio of plasma feed gas was varied.           
Bottom row: ABC type processes using H2 and Ar plasma C steps (B step with H2 flow ratio 0.20).    
The characteristics include crystallinity (c = crystalline, a = amorphous; Raman spectroscopy), 
stoichiometry (X-ray photoelectron spectroscopy), resistivity (four-point-probe - in general, we found a 
decrease in resistivity to indicate an increase in carrier concentration and vice versa), H impurity content 
(elastic recoil detection), morphology (atomic force microscopy), and cross-sectional microstructure 
(transmission electron microscopy). The properties were measured from films deposited on SiO2/Si 
using 140 ALD cycles (6–20 nm in thickness) 
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Transition Metal Dichalcogenides (TMDs) have attracted considerable attention in the scientific 
community due to several remarkable properties, including high flexibility [1] and tunable bandgap [2]. 
Particularly, the properties of a selection of TMDs change dramatically when their thickness is reduced 
to a monolayer [3]. For example, monolayer molybdenum disulfide MoS2 is of particular interest in 
optoelectronic applications since it becomes a direct bandgap semiconductor with very high 
photoluminescence quantum yield [3]. In the last few years, top-down methods have generated 
excellent proof of concept devices, yet, major drawbacks such as irreproducibility and limited spatial 
area still hinders its transfer to larger scales. Bottom-up approaches, among which MOCVD is a strong 
candidate, are still either irreproducible, lengthy, result in non-continuous films, present toxic hazards, 
or result in films with large sulfur vacancies leading to degraded performances [4]. 
 
In this talk, the Direct Liquid Injection Metalorganic Chemical Vapor Deposition (DLI-MOCVD) of MoS2 
on SiO2/Si substrates using low-toxicity precursors will be presented. Indeed, in a Direct Liquid Injection 
system, the precursors are injected in liquid form before being flash evaporated and transported to the 
substrate area, thus expending the range of available chemistry. Therefore, the effect of the precursor 
molecule and the injection flow rate on the quality of the deposited material will be discussed (Fig. 1). 
Similarly, reproducibility and scalability will be addressed with large-scale integration in mind (Fig. 2). 
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Figure 1 PL spectra of MoS2 
monolayer grown with different 
precursors and an exfoliated 

reference sample 

Figure 2 Photography of a 
35x35mm SiO2/Si substrate 
after MoS2 deposition. The 

sample is outlined for clarity. 
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Introduction The two-dimensional transition metal dichalcogenides (2D TMDs), such as MoS2 and 
WS2, have attracted significant interest because of their scalability for the next generation transistors 
[1]. One of the major challenges in building transistors with 2D TMDs is the formation of high-quality 
gate stacks. Atomic layer deposition (ALD) of gate dielectrics on 2D TMDs is difficult due to the lack of 
dangling bonds on their basal planes [2]. Various techniques have been developed to facilitate the 
precursor adsorption on 2D TMDs [3,4,5]. However, literatures report degradation of carrier mobility 
after the deposition of the top gate dielectrics [6], possibly due to defects and the increase of surface 
roughness introduced during the formation of seeding layers. 

In this work, we study the growth of gadolinium aluminate (GdAlOx) interfacial layers (IL) by ALD on 
AlOx seeding layers formed by physisorption on monolayer (ML) WS2. The impact of the GdAlOx ILs on 
device performance have been evaluated on dual gate (DG) MoS2 field effect transistors (FETs). 

 
Experimental A schematic illustration of the gate stack structure is shown in Fig. 1(a). ML WS2 was 
grown on 300 mm SiO2/Si wafers by MOCVD at 950ºC in a commercial epi chamber [7]. A surface 
physisorption-based process was applied to form an AlOx seeding layer on WS2 to facilitate the following 
ALD by exposing WS2 to trimethylaluminium (TMA) at high partial pressure in an ALD reactor at 100ºC. 
Gd(iPrCp3), TMA, and H2O were used as precursors for the growth of GdAlOx. The Gd:Al mole fraction 
within the film can be tuned by changing the Gd(iPrCp3)/[Gd(iPrCp3)+TMA] precursor pulse ratio (Fig. 
1(b)). The temperature of the Gd(iPrCp3) precursor canister and process chamber were set at 200 ºC 
and 250 ºC, respectively. The detailed fabrication process of DG MoS2 FETs can be found elsewhere 
[8]. 
 
Results and Discussion Fig. 2(a) shows the Gd areal density as a function of Gd(iPrCp3) pulse number 
at different Gd:Al precursor ratios on AlOx/WS2 and SiO2 surface, as measured by Rutherford 
backscattering spectrometry (RBS). The linear growth curves at given ratio indicate no growth inhibition 
of GdAlOx ALD after the TMA treatment on WS2 surface. This is confirmed by the identical deposited 
amount of Gd on both pretreated WS2 and SiO2 surfaces at given cycle number. However, the amount 
of deposited Gd per Gd(iPrCp3) cycle increases with higher Gd:Al ratios. One possible explanation is 
that more unreacted H2O remains in the film at higher Gd:Al ratio due to the hygroscopicity of Gd2O3 [9, 
10]. This unreacted H2O will react during the following Gd precursor pulse. Fig. 2(b) shows the 
relationship between the Gd:Al precursor ratio and mole fraction of the film subtracting the contribution 
from AlOx seeding layer. We obtain GdAlO3 and Gd1.6Al0.4O3 at Gd:Al precursor ratio 2:1 and 4:1, 
providing a possibility to tune the gate stack electrical characteristics (threshold voltage, etc.). The 
measured κ-value 15 for GdAlO3 is 15, close to the value for amorphous HfO2. 

To investigate the nucleation during ALD, we evaluate the morphology by atomic force microscopy 
(AFM) measurements. Fig. 3(a) shows the AFM image of 1-nm-thick GdAlO3 on the WS2 ML with AlOx 
seeding layer. The film appears to be closed. AFM shows no preferential decoration of WS2 crystal 
edges as we see a similar height difference on the 2nd ML WS2 crystal edge and basal plane. The 
surface roughness (RMS) slightly increases after dielectrics deposition (with ~0.1 nm). The RMS value 
for Al2O3 and GdAlO3 ALD are similar. 

Next, we investigate the influence of GdAlOx deposition on the WS2 properties. The Raman E` and 
A1` characteristic peaks of WS2 are maintained after GdAlOx deposition (Fig. 4(a)). The XPS W 4f 
spectra of WS2 after dielectrics deposition shows no peaks corresponding to WOx formation (Fig. 4(b)). 
Both of observations suggest the WS2 physical and chemical properties are well maintained after 
GdAlOx ALD. 

 The impact of the GdAlOx IL on the 2D TMD device performance has been evaluated on DG MoS2 
FETs (Fig. 5). With the 1 nm GdAlO3 insertion, higher 2-point mobility has been measured compared 
with devices with direct HfO2 deposition on AlOx seeding layer. A similar top-gate capacitance-
equivalent-thickness (CET) of ~2.2 nm has been maintained. The possible mechanisms of this 
improvement can be the mitigation of interface/oxide defects and/or the reduction of surface potential 
fluctuation close to the WS2 channel. 
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Conclusion In conclusion, we have demonstrated the integration of GdAlOx into 2D TMD gate stacks. 
ALD provides nm-thin and continuous GdAlOx film on AlOx-seeded synthetic WS2. Because of the mild 
process condition, the underlying WS2 ML is well preserved as confirmed by Raman and XPS 
measurement. We achieve higher mobility MoS2 DG FETs by adding the 1 nm GdAlO3 IL while 
maintaining similar electrical thickness as compared to devices with direct HfO2 deposition. 
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Fig. 1: (a) Schematic illustration of the gate stack 
structure. (b) the GdAlOx ALD pulse scheme of 
this study.  

 

 
 

Fig. 2: (a). Relationship between Gd precursor cycle 
and Gd areal density. (b). Gd/(Gd+Al) mole fraction 
as a function of Gd/(Gd+Al) precursor pulse ratios of 
the GdAlOx film. Film thickness is fixed at 10 nm to 
exclude the contribution from the AlOx seeding layer. 

Fig. 5: Schematic structure of the DG MoS2 
FET and the 2-point mobility extracted with 
AlOx/5nm HfO2 and AlOx/1nm GdAlO3/4nm HfO2 
gate stacks. Top-gate CET is measured to be 
very similar for these 2 conditions (~2.2 nm) 

 

 
 

Fig. 3: (a).AFM image of 1nm GdAlO3/AlOx/WS2 
structure. The scale is 1×1 μm. (b). RMS surface 
roughness as a function of the layer thickness 
for different stacks. 

 

 
Fig. 4: (a). Raman and (b). XPS spectra of WS2 
deposited with different dielectrics after AlOx seeding 
layer formation. 
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Low-temperature CVD process for the Cu2O thin film growth: 
applications as photodetectors and HTL for solar cells 
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Catania, 95125, Italy. 

 
Copper-oxide compounds represent one of the most studied classes of semiconducting materials due 
to their main advantages of easily tuning the optical and electronic properties within the semiconducting 
behavior. For this reason, copper oxide materials in form of thin films play a significant role in many 
technological applications, ranging from batteries to catalysis, from photodetectors to solar cell devices.  
In particular, among the three most common and stable copper oxide phases, Cu2O, Cu4O3, and CuO, 
named cuprite, paramelaconite and tenorite, respectively, the cuprite phase (Cu2O) has been 
intensively studied and applied as p-type semiconducting material in many technological fields. In fact, 
Cu2O represents an attractive material, due to copper abundance, nontoxicity, a wide variety of 
synthetic strategies and low-cost production. 
In literature, Cu2O as a thin film layer has been synthesized by several vapor and solution methods, 
including hydrothermal, electrodeposition, sputtering, atomic layer deposition, and chemical vapor 
deposition. Among these approaches, metalorganic chemical vapor deposition (MOCVD) represents 
one of the most promising techniques due to its tunability processes, easy scaling up and industrial 
applicability. Moreover, the CVD approach offers the possibility of fine-tuning the composition of the 
Cu–O phases by easily altering the operating conditions and the chemical nature of the precursors [1]. 
 
Herein, we report an in-depth study of the metalorganic chemical vapor deposition (MOCVD) process 
for the fabrication of both cuprite Cu2O and tenorite CuO copper oxide thin films starting from the 
commercial, quite low-cost β-diketonate copper (II) precursor, i.e. Cu(tmhd)2 bis(2,2,6,6-tetramethyl-
3,5-heptanedionate) [2-3]. The present approach represents a simple, easily scalable and industrially 
appealing process for the production of compact and homogeneous copper oxide films at relatively low 
temperature. The capability to operate at 250 °C, using a process that is already industrially applied on 
a large scale, represents a breakthrough for the production of solar cells on plastic flexible supports. X-
ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM) and atomic force 
microscopy (AFM) analyses allowed an accurate determination of the physico-chemical properties of 
deposited layers. Operative conditions of fabrication strongly affect both composition and morphologies 
of the copper oxide thin films. In particular, deposition temperature has been accurately monitored 
through XRD analyses in order to stabilize and to produce selectively and reproducibly the cuprite Cu2O 
and/or tenorite CuO phases (Fig.1). Moreover, the FE-SEM characterizations allowed also to correlate 
morphologies and thickness of the layers as a function of deposition temperatures (Fig. 2).  
Furthermore, as preliminary studies, two main applications have been tested: i) the use of Cu2O thin 
films as hole transporting layer for the hybrid perovskite (methylammonium lead iodide, MAPI) based 
solar cell devices [2]; ii) a core-shell system of all-oxide ZnO-Cu2O n-p junction as fast and stable self-
powered photodetectors [3]. Morphology, crystalline and electronic structure of the Cu2O thin film 
materials play a crucial role in determining the main functional parameters of both applications.  
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Figure 1. X-ray diffraction patterns of the Cu2O and CuO thin films prepared by MOCVD at different 
temperatures from 250 °C to 400°C. 
 
 

 
 
 
Figure 2. FE-SEM images of Cu2O and CuO thin films on Si substrate deposited at 250 °C (a,e), 300 
°C (b,f), at 350 °C (c,g) and at 400 °C (d,h). 
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Steps towards atomic-layer additive manufacturing 
for rapid prototyping of solar cells 
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a Friedrich-Alexander-Universität Erlangen-Nürnberg, Chemistry of Thin Film Materials, 

IZNF, Cauerstr. 3, 91058 Erlangen, Germany 
b ATLANT 3D Nanosystems, Mårkærvej 2, 2630 Taastrup, Denmark 

 
Atomic-layer additive manufacturing (ALAM) combines the advantages of ALD and 3D printing for the 
direct deposition of materials in patterns. It is realized by delivering ALD precursors in a spatially 
constrained manner from a nozzle and moving the nozzle over the substrate surface. [1] Just like 
additive manufacturing accelerates prototyping in classical manufacturing fields, we envision that ALAM 
will enable rapid prototyping of semiconductor-based devices by circumventing the need for 
cumbersome lithographic processing. One potential area of application is thin-film photovoltaics, where 
the thickness of each layer must be optimized systematically. 
 

 
 
In a first step towards this goal, we demonstrated that the characteristics of ALAM still conform to the 
principles of self-limited surface chemical control that underpin ALD. Growth rates are transferrable, if 
the values of growth per cycle (ALD) are compared with those of growth per pass (ALAM). Thickness 
can therefore be controlled with sub-nanometer precision. Non-planar substrates are coated 
conformally. Material properties are similar. However, ALAM can generate much more than blanket 
coatings, namely straight and curved lines with sharp edges, rectangular patches, and thickness 
gradients. 
 
Secondly, we have started adapting ALD processes for the generation of the material types needed for 
building a PV stack to ALAM processes: hole conductor, electron conductor, light absorber, metal 
contact, and insulator. Our results here highlight the reduced consumption of precursor in ALAM. The 
comparison of processing parameters exhibits lower evaporation temperatures needed to achieve well-
behaved growth than in ALD. Other parameters such as the temperature window of self-saturation 
behavior remain essentially unchanged.  
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Thirdly, we have built up the experimental infrastructure required for the deposition of all materials in 
distinct patterns on one single prototype ALAM setup. This includes the integration of a large number 
of individual precursor lines, the build of an inert-atmosphere enclosure needed to prevent surface 
oxidation, and the automation enabling for the precise positioning of all material layers into functional 
devices. 
 

 
 
With this, we have established the tools that will enable us to ALAM-print arrays of miniaturized PV 
devices in which the statistics of device performance can be tested and the optimization of individual 
layer parameters carried out systematically and quickly. These tools will be applicable to other fields of 
materials and device research in which thickness control in the sub-nanometer range is of utmost 
importance and optimization of performance based on film thickness must be explored systematically. 
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EElectric transport through CVD Molybdenum oxide films. Why 
these films are excellent hole transfer layers in organic light-

emitting diodes?
 

Anastasia Soultatia, Petros-Panagis Filippatosa,b, Alexander Chroneosb, Maria Vasilopouloua and 
Dimitris Davazogloua* 

aNCSR “Demokritos”, Institute of Nanoscience and Nanotechnology, POB 60228, 15310 Agia Paraskevi, Greece 
bDepartment of Electrical and Computer Engineering, University of Thessaly, Volos, 38333, Greece 

In recent years molybdenum oxide films are being extensively used as hole transfer layers (HTLs) in 
organic and inorganic opto-electronic devices such as solar cells [1, 2]. In an optoelectronic device the 
HTL must exhibit two basic requirements: (i) it must repulse electrons so as to suppress electron-hole 
recombination which, e.g., in photovoltaic cells, leads to losses of the photo-generated carriers and 
therefore to a decrease of the short-circuit current, Isc. The second (ii) requirement that must be fulfilled 
is that the HTL must exhibit p-type conductivity. In order to repulse electrons, a semiconducting HTL 
must exhibit states within its band gap where electrons are trapped, therefore negatively charging the 
layer. Gap states must also be located near the edge of the valence band to insure p-type conductivity. 
In this work we investigated the charge transport in molybdenum oxide layers deposited by hot-wire 
chemical vapor deposition (HWCVD) using current-voltage (I-V) measurements on devices of the kind 
Al/MoOx/Al in air and at temperatures up to 400 oC. As deposited films were known to be sub-
stoichiometric in oxygen (x=2,7) and heating, obviously caused their oxidation. In order to investigate 
the temperature evolution of the electronic structure of these films spectroscopic ellipsometry (SE) 
measurements were performed at every temperature simultaneously with the I-V measurements. To 
investigate the role of the atomic ordering in films (crystallinity) similar electrical and optical 
measurements were also made as the temperature decreased. Such measurements were made at two 
thermal cycles.  
In Fig. 1 is seen the dispersion of the imaginary part of refractive index of a MoOx film measured at 
various temperatures. The absorption threshold, corresponding to electronic transitions between 
valence and conduction band (VB, CB) is observed at wavelengths below 350 nm. Sub-band gap 
absorption is also observed above 450 nm due to electronic transitions between an intermediate band 
(IB) located within the band gap [3] and the CB as shown in Fig. 2(a). At -10V the Fermi level of the Al 
electrode at the left side of the device is raised and electrons are injected in the CB. Due to the disorder 
the wavefunctions there are localized, their mobility is limited, so they are finally captured by states at 
the IB. This process is represented with the dotted arrows in Fig. 2 (left) and gives rise to the increase 
of current as the applied voltage decrease observed in Fig. 3 (upper left panel) between -10 and -5 V. 
Moreover, due to this capturing of electrons the layer is charged negatively. At positive voltages, holes 
are pushed to the electrode on the right of the device giving a V2 dependence of the current, 
characteristic of the presence of a space charge. At 200 oC the sample is more oxidized relatively to 
the as-deposited and now the density of states at the IB decreases considerably (see Fig.’s 1 and 2(b)). 
Now electrons and holes within the CB and IB respectively contribute equally to the transport giving rise 
to a “symmetric” I-V curve shown in Fig. 3 (upper right panel). At 400 oC the sample is almost completely 
oxidized, the IB fainted out (Fig. 2(c)) and the sub-gap absorption almost vanished as seen in Fig. 1. 
Now the I-V curve takes the familiar form of an n-type semiconductor as seen in Fig. 3 (lower left panel). 
From the above it may be concluded that MoOx films act as good HTLs provided that (i) they are 
disordered, so as to be able to trap electrons at gap states and therefore to charge negatively, and (ii) 
they are sub-stoichiometric in oxygen, so as to form an IB that insures p-type transport. It is noted 
though that an excessive oxygen sub-stoichiometry may render the layer metallic thus losing all its good 
properties as HTL.  
It is also noted that as MoOx films cool down they reduce again as seen in Fig. 1, where the sub-gap 
absorption re-appears upon cooling due to the re-formation of the IB. The presence of the IB gives rise 
to unexpected phenomena related to the transport. This is shown in Fig. 3 (lower right panel) where at 
negative voltages, as the temperature drops from 400 and down to 170 oC the current decreases as 
expected for a semiconductor, while at lower temperatures it increases again similarly to a metal.  
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Fig. 1. Temperature evolution of the 
dispersion of the extinction coefficient of an 
initially amorphous and sub-stoichiometric 
molybdenum oxide film. At the insert the 
evolution of EC during heating above 300 oC 
and during cooling down to room temperature 
is shown in magnification. 

 
Fig. 2. (a) The energy diagram of the Al/MoO2.7/Al structure. At -10 V the Fermi level of Al at the biased 
contact (left) is shifted upwards and electrons (solid arrows) are injected in the CB whose bottom is 
composed by localized orbitals and are captured by gap states (dotted arrows). At positive voltages, 
holes (dashed arrows) are pushed to the grounded Al electrode. (b) As the temperature increases, due 
to the oxidation of MoOx the density of states at the IB decrease. Now both electrons and holes 
contribute to the transport. (c) At high temperatures the IB vanishes and the I-V curve becomes as that 
expected for an ordinary (highly leaky) n-type semiconductor.  
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Fig. 3. Current-Voltage characteristics taken on an Al/MoOx/Al sample at temperatures up to 400oC. 
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Chemical deposition of Cu2O films with ultra-low resistivity: 
Correlation with the defect landscape  
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Cuprous oxide (Cu2O) is a promising p-type semiconductor material for many applications. So far, the 
lowest resistivity values are obtained for films deposited by physical methods and/or at high 
temperatures (~1000 °C), limiting their mass integration. Here, Cu2O thin films with ultra-low resistivity 
values of 0.4 Ω.cm were deposited at only 260 °C by atmospheric pressure spatial atomic layer 
deposition, a scalable chemical approach. The carrier concentration (7.1014-2.1018 cm-3), mobility (1- 86 
cm2/V.s), and optical bandgap (2.2-2.48 eV) are easily tuned by the choice of precursor and adjusting 
the fraction of oxygen used during deposition.[1,2] The properties of the films are correlated to the 
defect landscape, as revealed by a combination of techniques (positron annihilation spectroscopy 
(PAS), Raman spectroscopy and photoluminescence). Our results reveal the existence of large 
complex defects and the decrease of the overall defect concentration in the films with increasing oxygen 
fraction used during deposition. The optimized Cu2O films are implemented in all-oxide PV harvesters 
and silicon heterojuntion solar cells. [1,3] Finally, we show that it is possible to selectively obtain Cu, 
Cu2O or CuO thin films in our open-air SALD approach from the same Cu precursor by propoer choice 
of coreactant. [4] 
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Among the most common air pollutants, nitrogen oxides (NOx; x = 1,2) have an adverse impact on both 
environment and human health, and their efficient removal from atmosphere (De-NOx action) has 
become an imperative and urgent task. In this regard, photo-assisted NOx degradation with the aid of 
oxygen and water has emerged as an amenable technology, and has triggered numerous research 
efforts worldwide aimed at the development of low-cost, green and efficient photocatalysts activated by 
Vis-light [1,2]. To this aim, the use of supported inorganic nanosystems offers a broader perspective for 
property tailoring and an easier post-use recovery than their powdered counterparts.  
In this work we report on nanoheterostructures based on first-row transition metal oxides as De-NOx 
photocatalysts. The target materials were fabricated by hybrid preparation routes involving the initial 
chemical vapor deposition (CVD) of host systems on Si(100) substrates, followed by their 
functionalization with suitable guests by radio frequency (RF)-sputtering under mild conditions. In 
particular, the case studies dealt with herein concern nanomaterials based on: (i) Co3O4 hosts + SnO2 

or Fe2O3 guests [1]; (ii) Fe2O3 hosts (based on the less studied  polymorph) + CuO or WO3 guests [2]. 
After a multi-technique chemico-physical characterization of the developed materials, their De-NOx 
properties were investigated, providing a preliminary assessment on the possibility of tailoring functional 
performances through modulations of the system composition. The photocatalytic De-NOx process 
mechanism was elucidated by combined in-situ and ex-situ complementary analytical tools.  
As concerns case (i), transmission electron microscopy (TEM) and electron diffraction (ED) revealed 
the formation of columnar Co3O4 arrays uniformly decorated by very thin and conformal overlayers (Fig. 
1a-b). Bare Co3O4 systems yielded appealing performances for NOx degradation, with a very limited 
production of toxic NO2. The functional behavior of Co3O4-SnO2 and Co3O4-Fe2O3 heterostructured 
systems (Fig. 1c) was directly influenced by the concurrent contribution of the system composition and 
the overlayer morphology. Taken together, the obtained results revealed the occurrence of charge 
transfer events between the single oxide constituents, in the framework of type-II and Z-scheme 
heterojunctions [1], which had a key role in determining the material photocatalytic behavior. 
Regarding case (ii), the adopted route enabled the obtainment of high-purity systems endowed with a 
pyramidal morphology, an inherent oxygen defectivity and a uniform ultra-dispersion of CuO or WO3 

(Fig. 2a-b). A tiny amount of the latter was sufficient to boost the photocatalytic activity of -Fe2O3, 
yielding the best performances for WO3-containing materials. Indeed, the resulting large surface area 
nanostructures maximize both surface exposure and mass transfer. As a consequence, the observed 
De-NOx behavior is competitive with the best non-titania transition metal photocatalysts in terms of both 
photoactivity and selectivity towards nitrates formation. These outcomes are of considerable 
importance, since the potential toxicity and low De-NOx selectivity are common drawbacks of numerous 
photocatalysts utilized for NO abatement. These favorable issues, mainly rationalized basing on the 
enhanced charge carrier separation enabled by the high density of heterocontacts between the single 

oxides, candidate the proposed route as an effective strategy to improve the intrinsic activity of -Fe2O3 
nanostructures. 
In perspective, the synthesis protocol described in this work provides important guidelines for the 
nanoscale engineering of active and economically viable photocatalysts, triggering knowledge-based 
research towards the development of improved platforms for air purification. In addition, the 
reproducibility and versatility of the proposed preparation route, which is simple, cost-effective and 
potentially amenable for an eventual scale-up, act as future pointers for future research advancements 
in the field of green materials for an improved eco-sustainability. 
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Figure 1. (a) High resolution (HR)-TEM micrograph of a single [101]-oriented Co3O4 column and 
corresponding ED pattern. Upper right corner: magnified image of the area framed by the white box. 
White arrows mark the Fe2O3 overlayer. (b) Color geometric phase analysis (GPA) image for g-101 
diffraction spot. The color gradient indicates the change in lattice spacing along the [-101] direction. (c) 
Photodegradation profiles for gaseous NO on functionalized Co3O4 photocatalysts in comparison to 
Fe2O3 and SnO2 obtained by RF-sputtering on Si(100) [1]. 

 

 
Figure 2. TEM analysis for a Fe2O3-WO3 sample: (a) low magnification cross-section micrograph and 
magnified near-surface image; (b) energy dispersive X-ray spectroscopy (EDXS) elemental mapping. 
(c,d) Concentration profiles obtained during NO photodegradation for bare Fe2O3, Fe2O3-CuO and 
Fe2O3-WO3. Curves pertaining to CuO and WO3 obtained by RF-sputtering on Si(100) are also 
displayed for comparison [2]. 
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Resistive switching in memristor structures with multilayer 
dielectrics 

 
Joonas Merisalu*, Toomas Daniel Viskus, Jaan Aarik, Aile Tamm, Kaupo Kukli 

 
Institute of Physics, University of Tartu, W. Ostwaldi 1, Tartu 50411, Estonia 

 
Resistive switching (RS) is one of the most promising future electronic memory technologies, especially 
for neuromorphic computing. Neuromorphic computing, i.e. brain-like processing, can bring the next 
technological evolution. Besides the fast processing of large amounts of data, it could help us to 
understand the human brain better than ever. The technology is based on a single important 
component, the memristor. In the search for RS media of memristors we have studied different 
multilayer and multicomponent dielectric oxides deposited by atomic layer deposition (ALD). This report 
gives an overview of studies focused on RS dielectrics grown in ALD processes using halide-based 
precursors, which are known to reduce the risk of carbon contamination and material degradation, for 
instance, in possible application of electrolyte-gated neuromorphic synapse transistors [1]. 
First, we demonstrated that it was possible to reduce currents in high resistance state (HRS) and 
increase the high to low resistance ratio of rutile-phase TiO2 host media with thicknesses of around 10 
nm applying a novel Al2O3 doping method. The RS media were deposited at 350 °C using TiCl4, Al(CH3)3 
and H2O as the precursors [2]. In a parallel study, we tested a similar approach with the same doping 
method using ZrCl4 as the precursor for deposition of the host ZrO2 medium at 300 °C [3]. As the 
continuation of the work on TiO2-based RS media, we also investigated the RS performance of 
TiO2:HfO2 nanolaminates, deposited by ALD at 350 °C from TiCl4, HfCl4, and H2O as the precursors. 
The results obtained revealed that in a relatively wide composition range, these RS media crystallized 
in orthorhombic phase of hafnium titanate, which demonstrated well-defined shape of RS I-V 
characteristics (Fig. 1 a) and RS cyclic endurance of more than 3×103 cycles (Fig. 1 b) with nearly 80% 
of contact yield. Additionally, application of ALD in synthesis of different RS structures based on 
SiO2/graphene/HfO2, SnO2:HfO2, and TiO2:SiO2 media has been of interest in our studies.  
The results obtained in this research have demonstrated that high to low resistance ratios, resistive 
switching voltages, multilevel switching ability, endurance and retention characteristics could be 
modified by changes in ALD chemistry as well as in the composition and structure of RS media. 

 
 

Figure 1. Resistive switching (a)  I-V and (b)  cyclic endurance characteristics of a memristor cell with 
orthorhombic hafnium titanate dielectric deposited by applying ALD cycle sequence 80 × (3 × TiO2 + 1 
× HfO2) at 350 °C 
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The effect of dopant element on mechanical and optical properties 
of Cr2O3 thin films. 

 
Mahtab Salari Mehra,*, Lauri Aarik, Taivo Jõgiaas, Aivar Tarre, Aarne Kasikov, Hugo Mändar 

Institute of Physics, University of Tartu, W. Ostwaldi Str. 1, Tartu, 50411, Estonia 

 

Chromium oxide is technologically important material owing to the convergence of a variety of 
mechanical, physical, and chemical properties that offer interesting opportunities in both in fundamental 
research and technological applications [1]. According to the previous research reports, doping of 
chromium oxide with suitable elements enables to tailor its properties, for instance: adjusting both p- 
and n-type semiconductor behavior in form of thin films [2], enhance of hardness and corrosion 
resistance [3,4] or optical absorption [5], thermal stability for photo-thermal conversion applications [6]. 
In the current research study, we investigate how the doping of chromium oxide with TiO2 and Al2O3 at 
different composition influence phase composition, mechanical (hardness and elastic modulus) and 
optical properties (refractive index and band gap values) of the films.  

The films were grown on Si (100) substrate using CrO2Cl2-CH3OH and Cr(thd)3-O3 as Cr2O3; TMA-O3 
as Al2O3 and TiCl4-O3 as TiO2 precursors, respectively, by atomic layer deposition technique (ALD). 
XRF analyses revealed the enhanced growth of the TiO2 and Al2O3 during the first ALD cycle on Cr2O3 
being 2.4 and 2.5 times higher than on binary component.  

According to the GIXRD the impact of Al2O3 and TiO2 on the crystallinity of films was different. The 
CrxTi1-xOy films were crystalline containing α-Cr2O3 eskolaite phase that showed a decrease in size of 
crystallites when increasing the concentration of Ti atoms and a strong preferred growth in (001) plane, 
however, the CrxAl1-xOy films were X-ray amorphous regardless of the doping rate (Fig. 1 (a)). The 
hardness of films increased from 14 ± 0.8 GPa for binary Cr2O3 to 20.9 ± 1.6 GPa for Ti doped Cr2O3 
films (Ti/(Ti+Cr) = 0.24) that was related to the decrease in crystallite size explained by Hall-Petch 
hardening mechanism. The hardness of 17.8 ± 1.2 GPa was observed for Al doped Cr2O3 films 
(Al/(Al+Cr) = 0.29) (Fig. 1 (b)). Spectroscopic ellipsometry analysis showed remarkable dependence of 
band gap energy values of the Cr2O3 films on the concentration of Ti and Al dopant elements.  
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Fig. 1. a) Grazing incidence X-ray diffraction patterns and b) hardness of the undoped and doped 
Cr2O3 films. Diffraction reflections are labelled by Miller indices of corresponding lattice planes.  
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Molybdenum-carbide and tungsten-carbide CVD coatings obtained by 

Avinit vacuum-plasma technologies. 

 

A. Sagalovych, V. Sagalovych, V. Popov, S. Dudnik, R. Popenchuk. 

 
Abstract. 

The process of gas-phase deposition of Mo-C and W-C multilayer coatings by pyrolysis of 

molybdenum and tungsten hexacarbonyls on heat-treated technical steel X155CrVMo12-with high 

class of surface finish (>10) has been studied. 

Metallographic research confirms the possibility of low-temperature deposition of high quality 

coatings with microhardness from ~ 11000 MPa to 20000 MPa at coating deposition rate of 40...170 

mkm/h. This provides good adhesion to the substrate materials without reducing the strength 

characteristics of steel and without deteriorating the purity class of the original surface. 

The conducted tribological tests reveal high tribological characteristics of the developed 

coatings and testify to the prospects of their use for increase of wear resistance and reduction of 

sliding friction coefficient of friction pairs (steel - coating and coating) of precision units in 

mechanical engineering. 

Comparison of the properties of the developed coatings with the characteristics of electrolytic 

hard chromium coatings showed that molybdenum-carbide and tungsten-carbide CVD coatings, 

obtained by vacuum-plasma technology Avinit, are not inferior to chromium coatings in friction 

values, can surpass them in hardness up to two times, and in resistance to abrasive wear up to 10 

times. 

According to the aggregate properties, molybdenum coatings can not only compete with 

electrolytic hard chromium coatings, as hardening and tribological coatings, but also be considered 

as an alternative to chromium coating in the environmental aspect. 

On the basis of the conducted research the technological bases of the processes of applying 

metallic and metal-carbide CVD coatings on the basis of molybdenum and tungsten have been 

worked out, which are the base for the development of industrial technologies for precision parts of 

aggregate and engine construction and machine building. 

Examples of application of the developed coatings in production conditions are given. 

Keywords: Vacuum-plasma multicomponent multilayer coatings Avinit, CVD, tribology. 

 
 

Chemical vapor deposition (CVD) methods for coating have become quite widespread in 

modern technology [1-6]. Compared to other methods, they are distinguished by the relative 

technological simplicity of the process, the absence of high vacuum requirements (in many cases, 

the processes take place at atmospheric pressure). The high surface mobility of adsorbed metal-

containing compounds allows in CVD processes to obtain a coating with a density close to the 

theoretical one at temperatures ~ 0.15-0.3 from the melting temperature of the material, which is 

unavailable for other coating methods. 

Among the well-known methods of applying high-quality coatings, CVD methods are very 

effective in coating powders and other loose materials, as well as in impregnation (sealing) of 

porous structures. 

For many years, we have been carrying out scientific and technological work in the field of 

development and practical implementation of the latest nanomaterials and nanotechnologies of 

multicomponent coatings (mono- and multilayer, nanostructured, gradient) of various functional 

purposes to improve the operational characteristics of materials, assemblies and parts of machines 

and mechanisms using the method chemical deposition from the gas phase [7-12]. 

 

We have developed technological cycles of applying multi-layer coatings based on refractory 

materials that have high corrosion properties. 
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Composite materials with such coatings were tested for corrosion resistance in environments 

typical for pharmaceutical industries, which are hydrofluoric acid and its mixtures with 

hydrochloric and sulfuric acids, mixtures of organic and inorganic acids, alkalis and various salts 

with acidity in the range of 1 < pH < 14, hydrogen-rich environments at temperatures of 20 -100 °C. 

As a result of the performed works and a set of tests of the corrosion resistance of materials, it was 

established [13] that composite materials with W, Mo coatings, obtained by the developed 

technologies, are practically resistant to the corrosive effects of all aggressive environments studied 

in the work, and their corrosion resistance is much higher than stainless steels. 

Corrosion tests of titanium samples with a molybdenum coating with a thickness of 10...15 

microns were also carried out in a hydrogen environment at a pressure of 600 mm Hg at a 

temperature of 60±2 ºС [14]. The results of the tests proved that the gas-phase method of forming 

such coatings ensures their necessary quality and can be recommended for practical use in the 

protection of materials actively interacting with hydrogen in hydrogen-rich environments. 

The results of research on the corrosion resistance of metal coatings in drug synthesis 

environments showed the prospects of using coatings made of refractory metals to protect against 

corrosion the equipment of pharmaceutical and other industries exposed to aggressive 

environments. According to their mechanical and technological characteristics, composite materials 

with W and Mo coatings are superior to materials with enamel coatings. The corrosion resistance of 

such materials in conditions of elevated temperature and relative humidity is 10 -15 times higher 

than that of galvanic coatings [13]. The established resource of work in aggressive environments of 

capacitive equipment and technological equipment for the synthesis of drugs made of composite 

materials with W, Mo coatings, according to technical regulations, is at least 5 years with a coating 

thickness of at least 150-200 microns [15]. This makes it possible to replace expensive alloys with 

less scarce materials (including "black" steels that have good manufacturability) with highly 

corrosive protective coatings. In fig. 1 - 4 show photos of various samples with gas-phase coatings 

with W, Mo, obtained by the developed technologies. 

 

  
 

Figer 1. Section of a channel 

(steel) with an internal coating of 

Mo (l/d = 300, d = 1 mm) 

 Figer 2. Penetration of the coating 

into the cavity of the substrate 

 Figer 3. Metal-ceramic filter 

elements obtained by the method of 

CVD impregnation of porous 
structures. 
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 Figer 4. Elements of polyfunctional reactor made of structural materials 1.0038 and stainless 

1.4541 with protective coatings W, Mo. 

 

 

Recently, we have developed experimental and technological equipment for the application of 

functional multilayer composite coatings - the automated vacuum-plasma cluster Avinit, which 

allows the implementation of complex coating methods (plasma-chemical CVD, vacuum-plasma 

PVD (vacuum-arc, magnetron), processes of ion saturation and ion surface treatment) [16-19]. A 

component of the Avinit vacuum-plasma cluster is the Avinit V unit for applying coatings to the 

external and internal surfaces of parts by thermal decomposition of organometallic compounds, 

mainly hexacarbonyls Mo, W, Re, Cr and their compounds with nitrogen, carbon, etc. 

When applying CVD coatings using Avinit technologies, it becomes possible to carry out 

technological operations of ion-plasma cleaning of the surfaces of parts before applying coatings, if 

necessary, the creation of matching metal layers by PVD methods to increase adhesion, plasma 

support by methods of low-temperature unbalanced plasma in one technological cycle, which 

ensures obtaining high-quality tightly bonded coatings on the surface of parts. 

The purpose of this work is to conduct research on the development of processes for applying 

multilayer, high-quality, tightly bonded Mo-C and W-C coatings by the gas-phase deposition 

method and conducting tribological tests to assess the prospects for use in friction pairs ("steel-

coating" and "coating-coating") with increased wear resistance and a low coefficient of friction in 

precision engineering units. 

Previously, in works [11, 12], we conducted studies of the process of gas-phase application of 

Mo - C coatings from molybdenum carbonyl. 

The coating was applied to samples of heat-treated steels of technical purpose X155CrVMo12-1 

and 24CrMoV55 with a high class of purity of surface treatment (> 10). These steels are widely 

used in aircraft construction, and the improvement of their structural properties in the future leads to 

a significant increase in the service life of aircraft units. Samples of 24CrMoV55 steel were 

polished according to factory technologies to a roughness of class 8 (Ra = 0,32 μm), and samples of 

steel X155CrVMo12-1 56...61HRC - to a roughness of class 10 (Ra = 0,063 μm). 

Technological data of the coating process on steel 24CrMoV55 and X155CrVMo12-1 are 

presented in the table 1. 

Table 1. 

Technological data of the process of applying Mo coatings 

 
Т, °С Р, Pa δ, µm V, µm/ min Adhesion 

350 

5,20 8 0,80 +++ 

10,00 7 0,70 +++ 

5,30 17 1,13 +++ 

11,00 10 0,67 +++ 

8,80 25 0,83 +++ 

11,00 31 1,03 ++ 

400 

5,60 3 0,60 ++ 

5,40 8 0,80 + 

5,50 6 0,60 + 

6,10 8 0,80 + 

5,00 10 0,67 + 

5,40 12 0,80 + 

450 

7,60 6 1,20 +++ 

5,30 17 1,13 +++ 

7,20 20 1,33 +++ 

5,10 12 0,40 +++ 

+++ - the coating is removed only by etching; ++ - minor cracks; + - many chips. 

 

The microhardness of HB coatings increased from 16670 MPa at an application temperature of 

450 °C to 21575 MPa when the temperature decreased to 350°C. At 450 °C, the coating had good 
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adhesion to the base, at a lower temperature, a weakening of the adhesion to the original sample 

was observed. In fig. 5 shows a cross section of coatings on X155CrVMo12-1 and 24CrMoV55 

steel samples obtained at different temperatures with marked analysis zones, and the chemical 

composition of the analysis zones. 

 

 
 

 
а                                                                          b 

 

Figer 5.  Appearance of Mo coating with marked analysis zones and chemical composition of 

the analyzed zones on steels: а) X155CrVMo12-1  ( Т = 350 °С, Р = 8,8 Па); б) 24CrMoV55 (Т = 

450 °С, Р = 7,6 Па). 

  

For comparative tribological tests, cubes (steel X155CrVMo12-1, 56...61HRC) were coated 

with CVD Mo-C. The parameters of the CVD coating process and their characteristics are given in 

table. 2. 

Table 2. 

Parameters of the CVD coating process and their characteristics. 
 

 
№  

 
Cubes 

CVD process 
parameters 

Coating characteristics  
 

Notes 
Т, °С t, min 

Thickness 

h, µm 

microhardness 

HvМPа 

1 Cube № 23 -  

CVD Мо-С 
410-440 10,00 

15 24520 Finishing with 

ACM7/3 diamond 

paste with an 

allowance of 0.004-

0.006 mm to restore 

flatness. 

After finishing - 

h=5...10 μm. 

2 Cube № 24 –  

CVD Мо-С 
360-370 10,00 

10 176500  

 

3 

 

Cube № 25 –  

CVD Мо-С 
290,00 10,00 

 

10 

 

24520  
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Tribological tests of samples with coatings were carried out with friction and wear machine 

2070 SMT-1 under the scheme "cube" - "roller" test. The linear slip velocities - 1.3 m/s. Time of 

tests in each cycle – 150 seconds. Operating fluid was fuel TS-1, GOST 10227-86. Fig. 6 - 8 show 

the results of tribological tests of pairs "Mo-C coating/ steel 24CrMoV55" "Mo-C coating/ Avinit 

Mo-N and Avinit Ti-Al-N coating", which are widely used in the production of FED JSC. 

  

 
 

 

Fiiger 6. Dependence of the friction coefficient on the load for Mo-C/steel 24CrMoV55 

friction pairs.  

 

 
 

 

Figer 7. Dependence of the friction coefficient on 

the load for the Mo-C/Ti-Al-N friction pair. 

Figer 8. Dependence of the friction coefficient 

on the load for Mo-C/Mo-N friction pairs. 

 

Studies of the application process of Mo coatings and their properties showed the possibility of 

low-temperature application with sufficient adhesion to substrates made of 24CrMoV55, 

X155CrVMo12-1 steels of high-hardness Mo-C coatings, and also showed that such coatings may 

have the prospect of application for precision components of aircraft assembly construction. 

Therefore, in this work, the studies of the processes of applying molybdenum-carbide and tungsten-

carbide coatings were continued at higher (≥ 480 °C) pyrolysis temperatures of molybdenum and 

tungsten hexacarbonyls. The experiments were performed on the Avinit V gas-phase unit, which is 

part of the Avinit vacuum-plasma cluster. The coating was applied to cubic substrates made of 

X155CrVMo12-1 steel. Samples of this shape made it possible to use them in tribological studies of 

the properties of the obtained coatings according to the "cube" - "roller" test scheme. The conditions 

for conducting such studies did not differ from those given above. 
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Methods of applying coatings, studying their metallographic and tribological properties are 

described in detail in works [16-19]. 

In fig. 9, 10 present graphs of the dependence of the growth rate of Mo coatings on temperature 

and pressure in the reaction volume. 

 

 

Figer 9. Dependence of the growth rate of Mo coatings on the deposition temperature at 

different pressure values. 

 

As can be seen on the curves of the dependence of the growth rate of the coating on the 

temperature at different pressure values (Fig. 9), there is a tendency for the growth rate to increase 

up to a certain temperature, and then its decrease. For different pressure values, the region of 

maximum deposition rate occurs in the temperature range of ≈ (500 – 530) °С. The presence of a 

maximum in the curves of the coating growth rate versus temperature is typical for CVD processes. 

This is due to the fact that upon reaching a certain temperature of the substrate, the decomposition 

reaction of the metal-containing compound begins to proceed not only on the surface of the 

substrate, but partly already in the gas phase near the substrate, i.e., a homogeneous process of 

thermal dissociation of Mo(СО)6 becomes possible as a result of reaching temperature required for 

this in the near-surface layer of the gas medium with a substrate. This leads to a decrease in the 

concentration of molybdenum carbonyl directly above the substrate surface and, accordingly, the 

growth rate of the coating. 
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Figer 10. Dependence of the growth rate of Mo coatings on the pressure in the reaction volume 

at different temperature. 
 

The growth rate of Mo coatings at different deposition temperatures (Fig. 10) is quite well 

approximated by a linear dependence on the pressure in the reaction volume. At the same time, the 

deposition curves lie within the range of experimental data for different temperatures. This indicates 

that the growth rate in the investigated temperature range is primarily controlled by the mass 

transfer processes of the gas phase components in the near-surface layer above the coating 

deposition surface, and not by the temperature of the substrate. 

The study of the surface morphology of molybdenum coatings showed that depending on the 

temperature and pressure in the chamber during their deposition, it can differ significantly. 

At a deposition temperature of 480 °С (fig. 11) it has a globular structure for all pressure values 

from 9 Pa to 16 Pa. At a temperature of 500 °С, the coating surface had a globular structure only for 

a pressure of 16 Pa. At lower pressure values and an increase in the deposition temperature to 540 

°C, the structure of the surface of the coatings takes the form of a collection of crystallites of 

irregular shape and different sizes (Fig. 12). 

 

  

Figer 11. Surface structure of 

molybdenum coating, T = 480℃,         Р 

=16 Pа. 

Figer 12. Surface structure of 

molybdenum coating, T = 540℃,         Р 

= 9 Pа.  

 

The microstructure of the coatings obtained under different conditions had a columnar 

character and differed mainly only in the size of the crystallites, which to a certain extent adjusted 

to the sizes of the structural elements of the surface of the given coating. In fig. 13 shows a photo of 

a section of one of the samples with molybdenum coating. 

 

Figer 13. The structure of the Mo coating obtained at a temperature of 500 °С and a pressure of 

16 Pa. 

 

Surface roughness Ra of samples with molybdenum coatings was in most cases in the range of 

0.12 - 0.25 microns and did not exceed the value of 0.49 microns. Coatings can withstand filleting 

operations well. After the filleting operation, the roughness decreased to Ra = 0,11-0,15 μm, and in 

some cases even to 0,07-0,08 μm. 
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Studies of the microhardness of molybdenum coatings showed that it decreased with increasing 

temperature and increased with increasing pressure. Fig. 14 presents the results of these studies for 

different values of temperature and pressure with approximation by curves corresponding to the 

power law. 

 

 
 

Figer 14. Graph of dependence of microhardness of Mo coatings on temperature at different 

values of pressure.  

 

This character of the dependence of microhardness on the conditions of their deposition has an 

explanation related to the interaction of molybdenum carbonyl decomposition products with the 

growing coating and reactions in the gas phase described in works [2, 4]. Yes, in addition to the 

main reaction of thermal dissociation of molybdenum carbonyl: 

Мо(СО)6 →Мо+6CO                                                    (1) 

other reactions also occur: 

                                                              СО↔СО2+С                                                                  (2); 

                                                    2Мо+СО↔МоО+МоС       (3); 

                                                        Мо+СО↔МоО+С                   (4); 

                                                      Мо+2СО↔МоС+СО2        (5) 

The rate of flow of the main reaction of thermal dissociation of molybdenum carbonyl 

increases with increasing temperature, while the equilibrium of reaction (2) shifts to the left with 

increasing temperature, which leads to a decrease in the degree of CO conversion. Since the change 

in hardness within wide limits during the production of metal coatings is primarily associated with 

their contamination with various impurities, the decrease in hardness of molybdenum coatings with 

increasing temperature can be explained primarily by the decrease in contamination of the coating 

with products of incomplete decomposition of molybdenum hexacarbonyl according to reaction (1) 

and respectively, by carbon according to reaction (2). The consequence of increasing the pressure in 

the gas phase, according to Le Chatelier's principle, will be a shift in the equilibrium of reactions 

(1), (3-5) to the right, which will lead to an increase in contamination of the molybdenum coating 

and an increase in its hardness. 

A study of the abrasive wear resistance of Mo coatings with different hardness was conducted. 

The test was carried out with the supply of abrasive to the contact zone according to the Brinell 

scheme (II) under a load of 0,05 kN along a friction path of 60 m at a sliding speed of 0,78 m/s. 

Quartz sand fraction 0,25-0,4 mm was used as an abrasive. The counterbody was a "disc" made of 

polytetrafluoroethylene (fluoroplastic-4) with a diameter of 50 mm. The amount of wear was 

determined by the weight method with an accuracy of 1x10-4 g. To compare the wear of different 
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coatings, this study also used a sample with a galvanic coating of hard chromium, which is widely 

used as a strengthening and wear-resistant coating in friction pairs with different materials. In fig. 

15 shows the graph of the dependence of wear of coatings depending on their hardness. 

 

 
 

Figer 15.  Dependence of wear of Mo coatings depending on their hardness. 

 

The results of the study of the abrasive wear of Mo coatings depending on their hardness do not 

contradict the well-known fact that the wear resistance increases with the hardness of the coating. 

For this set of coatings, this dependence of wear on the value of microhardness can be fairly well 

approximated by the curve described by the equation y = 4Е+0.7х-3.321. The value of wear value for 

galvanic coating made of hard chrome, as can be seen from the graph, practically lies on the curve 

of dependence of wear of Mo coatings. If we take into account that the maximum hardness of 

galvanic hard chrome is at the level of 10790 MPa, then the wear resistance of Mo-C coatings under 

conditions of abrasive wear can be up to 10 times higher compared to hard chrome coatings. 

The tribological properties of molybdenum coatings with a hardness of 17950 МPа and below 

were investigated in friction pairs with nitrided steel 20Cr3MoWV and with bronze VB-23NTS (Pd 

18–22 %, Ni 3–4 %, Zn 3–4 %, Sb 3 –4 %, P 0.15–0.3). 

To carry out tribological studies of gas-phase molybdenum coatings, samples were used that 

differed primarily in hardness and temperature of production (Table 3). The surface of the coatings 

after deposition and before conducting tribological studies was not subjected to any type of 

treatment. 

Table 3. 

Characteristics of Mo coatings for tribological research. 

№  Substrate 

temperature, ℃ 

Pressure 

in the cell, Pа 
𝐻𝜇, 
М𝑃а  

Notes 

1 550 9 9810 Paired with bronze 

 
2 540 13,5 12750 

3 480 13,5 17800 

R² = 0,9713
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4 Galvanic hard chrome 9810 

5 540 9 10790 Paired with steel 

6 540 16 12950 

7 480 13,5 17950 

 

In fig. 16 presents the results of tribological studies of coatings under the numbers 

corresponding to the numbers in table 4. 

 

 
 

Figer 16. Dependence of the friction coefficient on the load for friction pairs Mo - bronze 

(samples No. 1 - No. 4) and Mo - nitrided steel 20Cr3MoWV (samples No. 5 - No. 7).   

 

The conducted studies showed that the changes in the coefficients of friction Mo of coatings 

with nitrided steel 20Cr3MoWV and bronze VB - 23NTS with increasing load had the opposite 

character. Thus, if the friction coefficient of Mo with bronze decreased with increasing load, which 

usually occurs as a result of running-in of pairs in the process of testing to a certain stable value, 

then for the friction pair of Mo with steel, on the contrary, the coefficient of friction increased. In 

view of this, the maximum value of the load in the experiments for the Mo friction pair - nitrided 

steel 20Cr3MoWV was limited to 1 kN. The increase in the coefficient of friction of Mo with 

nitrided steel 20Cr3MoWV indicates insufficient time to reach a stationary mode of friction in these 

tests. This may be due to the use of samples with the original structure of the surface of the coatings 

without its preliminary treatment before the machining tests. The conducted studies did not reveal a 

certain dependence of the coefficients of friction of Mo coatings with nitrided steel 20Cr3MoWV 

on the hardness of the coating, and the value of the coefficients of friction itself was within the 

limits of the values indicated above for Mo coatings with higher hardness during tribological studies 

with other materials (Figs. 6-8 ). 

The coefficients of friction in the friction pair of Mo with bronze for coatings with a hardness 

of 12750 MPa and 17800  MPa in the friction pair of Mo with bronze did not have a significant 

difference at a load of up to 1 kN, and at a higher load, they had the same value of 0.072. A 

noticeable decrease in the coefficient of friction in the entire range of loads was observed when 

testing a sample of Mo coating with a hardness of 9810 MPa, including, and compared to a chrome 

coating with the same hardness value. 

The conducted experiments showed that in the studied range of conditions for applying 

molybdenum coatings, their hardness can vary from 9810 kgf/mm2 to 20100 MPa. For comparison, 

the hardness of hard chromium electrolytic coatings is 8825 -10890 MPa. A comparison of the 
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properties of molybdenum coatings with the characteristics of electrolytic coatings made of solid 

chromium, obtained under similar test conditions, showed that molybdenum coatings are not 

inferior to chromium coatings in terms of the friction value, can exceed them in hardness up to two 

times, and in terms of resistance to abrasive wear up to 10 times. If we take into account that 

"hexavalent" chromium (CrVI)) is among the most toxic substances that affect nature and human 

health, and its use is already limited by the European Union directive (RoHS) in the production of a 

large list of industrial products, then, according to the set of properties, molybdenum coatings can 

not only compete with electrolytic coatings made of solid chromium, as strengthening and 

tribological coatings, but also be considered as an alternative to chrome coatings in the 

environmental aspect. 

The processes of thermal dissociation of tungsten carbonyl have many features in common with 

the processes of thermal dissociation of molybdenum carbonyl, except that they occur at higher 

temperatures. In fig. 17 presents a graph of the dependence of the growth rate of the tungsten 

coating on the temperature at different pressure values in the reaction volume. 

 

 

 

Figer  17.  Dependence of the growth rate of W coatings on the deposition temperature at 

different pressure values.  

As can be seen from the given graph, the growth rate of the coating in the studied range of 

parameter changes depends on both temperature and pressure in the reaction volume. 

 Studies of the surface morphology of CVD W coatings showed that in the studied range of 

process parameters at a deposition temperature of 520 ℃, the structure has the same regularities as 

for CVD Mo coatings. 

The surface has a globular structure with a characteristic size of a single globule at the level of 

1 - 4 microns, which form globular conglomerates with large sizes (Fig. 18). At higher temperatures 

(560-600 ℃), the surface of the coatings also has a globular structure with dimensions at the level 

of 1 μm, but without the formation of large conglomerates (Fig. 19). 
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Figer 18. Surface structure of tungsten 

coating, T = 520℃ 

Figer 19. Surface structure of tungsten 

coating, T= 560℃. 

 

At the coating growth temperature of 600 ℃ and 560 ℃, the grains in the form of columns have 

dimensions in diameter of 1 μm throughout the thickness of the coating. At a temperature of 520 ℃, 

grain boundaries are less visible, especially closer to the substrate. 

In fig. 20 presents a graph of the dependence of the hardness of tungsten coatings obtained in 

different modes with approximation by curves corresponding to the power law. 

 

 

 

Figer 20. Dependence of the hardness of tungsten coatings on temperature at different pressure 

values in the reaction volume. 

 

The obtained dependences of the hardness on the process parameters show that its values practically 

do not depend from the pressure in the reaction volume, but depend, first of all, on the temperature 

of the coating growth. 

As with studies of tribological properties of molybdenum coatings, samples that differed in 

hardness and temperature were used to conduct tribological studies of gas-phase tungsten coatings 

with nitrided steel 20Cr3MoWV and bronze VB-24 (Table 4).  
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Table 4. 

Characteristics of W coatings for conducting tribological studies ⃰. 

№         Substrate 

temperature,℃ 

Pressure 

in the cell, Pa 
𝐻𝜇, 
М𝑃а  

Е, 

ГПа 

1 520 10 18880 441 

2 560 10 12945 486 

3 560 14 13090 470 

4 560 14 13240 463 

5 600 14 10400 516 

⃰ The hardness and Young's modulus of the coatings were determined using the MST3 scratch tester. 
 

Table 5. 

Values of coefficients of friction of gas-phase tungsten coatings with bronze VB-24 and with 

nitrided steel 20Cr3MoWV (in parentheses - values of coefficients of friction with nitrided steel 

20Cr3MoWV). 

 

 

 

№  

 

The value of coefficients of friction under load P, kN 

0,2 0,4 0,6 0,8 1,0 

1 0,120 

(0,110) 

0,120 

(0,115) 

0,113 

(0,120) 

0,112 0,116 

2 0,120 

(0,108) 

0,120 

(0,120) 

0,113 

(↑) 

0,107 0,104 

3 0,130 

(0,110) 

0,120 

(0,120) 

0,113 

(0,123) 

0,107 0,118 

4 0,130 

(0,108) 

0,120 

(0,123) 

0,113 

(0,127) 

0,137 0,120 

5 0,130 

(0,110) 

0,120 

(0,112) 

0,113 

(0,120) 

0,105 0,100 

 

The conducted tribological tests of samples with tungsten coatings did not reveal certain 

dependences of the value of the coefficients of friction on the modes of obtaining the coatings, as 

well as the values of their hardness and modulus of elasticity. The friction pair "tungsten-nitrided 

steel" showed relatively low values of the coefficient of friction at the first load with a load of 0,2 

kN. As the load increased, the friction coefficients increased, and the friction pair with sample No. 2 

at a load of 0,6 kN developed a burr (↑). 

The "tungsten-VB-24" friction pair showed a decrease in friction coefficients in the case of an 

increase in load up to 0,6 kN. At the same time, if the friction coefficients for different samples had 

small differences at the initial load of 0,2 kN, then at subsequent loads of 0,4 kN and 0,6 kN, the 

friction coefficients for different samples completely coincided. At a load of 0,8 kN, a further 

decrease in the coefficient of friction was observed for samples, except for sample No. 4, and at a 

load of 1,0 kN, this trend was preserved only for samples No. 2 and No. 5, although their values no 

longer coincided in magnitude. The results of these tests show that in the friction pair of the tested 

samples with VB-24 bronze there is wear of the rubbing surfaces in the range of loads up to 0,6 kN 

with a corresponding decrease in the coefficient of friction. 

At higher loads, an increase in the coefficient of friction was observed for several tested 

samples, which, in the process of operation of such a pair, could lead to the formation of burrs. This 
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may be due to the need for more time for the preliminary run-in of such pairs at lower loads and 

when working under conditions of higher loads. 

The conducted studies confirmed the possibility of obtaining highly hard both Mo-C and W-C 

coatings at temperatures ≥ 480 °С, as well as obtaining new information about the tribological 

properties of such coatings in friction pairs with nitrided steel 20Cr3MoWV and bronzes VB 24, 

VB - 23NTS. The results of previously performed studies and studies in this work indicate the 

prospects of their use as reinforcements, to increase wear resistance and reduce the coefficient of 

sliding friction in friction pairs with different materials. 

  Elucidation of the possibility of practical application of such coatings as coatings of various 

functional purposes and in various conditions of their operation will require further research of a 

much larger volume and time to be carried out. Therefore, in order to speed up the obtaining of 

information about the possibility of practical application of such coatings in production, the process 

of applying Mo-C coatings to several types of parts of precision assemblies of JSC "Fed" products 

was carried out. In fig. 21 shows photos of details that were used during the development of the 

process of applying Mo-C coatings. 

 
 

а b 

Figer 21.  Details used in real designs of products of FED JSC: a – piston; b - stock . 

 

The study of the characteristics of the Mo coatings obtained on the piston (Fig. 21a) in the 

optimized conditions of the process showed that the thickness of the coatings on the entire 

controlled surface did not exceed 10 % of the average value of 66 μm, and the microhardness was 

15550 МPа  with a deviation of about 5 %. 

  When molybdenum coatings were applied to the working surface of parts with a fairly 

simple geometry, such as a rod (Fig. 21b), even greater uniformity was achieved both in terms of 

thickness and microhardness. Thus, deviations in coating thickness did not exceed 2% of the 

average value of 40 μm, and the microhardness was 14810МPа with a deviation of up to 2.5% from 

this value. 

The high uniformity of the coatings allows applying them with minimal tolerances and 

subsequent mechanical processing to size or grinding and polishing of the surface to a roughness of 

Ra ˂ 0,08. Coatings have sufficient adhesion, withstand processing by felting and grinding without 

breaking the integrity or delamination, ensuring the necessary cleanliness of the processing of the 

coated surfaces. 

The obtained parts with Mo-C coatings will allow testing them in accordance with the test 

program for these parts in force at the enterprise and determine the advantages or disadvantages of 

using such coatings, including the possibility and prospects of their use as an alternative to galvanic 

coatings made of hard chrome. 

The results of the conducted research can be used in working out the technological 

foundations of the processes of applying metal and metal-carbide CVD coatings based on 

molybdenum and tungsten and serve as a basis for the development of industrial technologies for 

precision parts of aggregate and engine construction and mechanical engineering. 
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The morphology is a key parameter in the performance optimisation of thin film electrodes for micro 
solid oxide cells, where surface reactions are limiting the overall activity. We will show, that the pulsed-
injection (PI) MOCVD growth technique gives access to different growth regimes by changing the 
deposition temperature, leading to distinct microstructures. 
 
In this study, we have selected La2NiO4+δ (L2NO4), a very promising cathode material for intermediate 
and low temperature solid oxide cell applications, due to its good electronic and ionic conductivity, 
paired with its high oxygen exchange activity with a low activation energy. Oxygen incorporation and 
transport in La2NiO4+δ thin films is limited by surface reactions. Hence, tailoring the surface 
morphology allows to significantly enhance the electrode performance.  
 
Thin film samples were synthesized by PI-MOCVD on different single crystal substrates with 
thicknesses ranging between 33 and 2000 nm. The microstructure was thoroughly characterised by 
SEM, TEM and XRD. By varying the deposition temperature (600 - 750 °C) we were able to tune the 
morphology of the films. In agreement with the structure zone model, originally developed for metallic 
thin films, we obtained a nano-columnar microstructure, with open porosity and a significantly enlarged 
specific surface area by reducing the deposition temperature. On the other hand, a dense 
microstructure prevails at higher temperatures. A multi-step growth process enables complex hetereo-
microstructures, e.g. a nano-columnar structure rooted in a dense bottom layer, serving as electronic 
and ionic conduction pathway, or capped nano-porous films with largely increased oxygen storage 
capacity.  
 
This research is completed with the analysis of electrode performance of derived thin films by electrical 
conductivity relaxation measurements. We studied the effect of different microstructures and found 
remarkably enhanced surface activity in thicker, nano-architectured films, as compared to thin, dense 
ones. As we will show, this can be understood in large parts due to the increase of the exposed surface 
area. 
 
Overall, the growth of nano-architectured La2NiO4 thin film cathodes by PI-MOCVD resulted in a 
substantial enhancement of the oxygen exchange activity and opens up a new route towards the 
optimisation of electrode materials for intermediate to l 
ow temperature devices.  
 
 
References 
1. Stangl , J. Mater. Chem. A 10, 2528-2540 (2022) https://doi.org/10.1039/D1TA09110G 

 

* Corresponding author e-mail:  carmen.jimenez@grenoble-inp.fr 

 

103

https://doi.org/10.1039/D1TA09110G


Impact of precursor reactivity on growth of self-assembled 3D 
architectures 

 
Mario Zieglera,*, David Zandersb, Valentin Ripkaa, Hanjörg Wagnera, Anjana Devib, Uwe Huebnera 

 
a Leibniz Institute of Photonic Technology Jena (IPHT), Albert-Einstein-Str. 9, 07745 Jena, Germany  

b Inorganic Materials Chemistry, Ruhr University Bochum, Universitätsstr. 150, 44081 Bochum, Germany 

 
For most light-driven catalytic applications, large surface areas are favourable and can be realized for 
instance in complex 3D architectures. The fabrication of 3D nanostructures is still challenging by using 
classical microfabrication processes. Here, self-assembly approaches offer the opportunity to fabricate 
sophisticated 3D nanostructures with superior properties without the need for several, complex process 
steps or expensive lithography tools. By doing so, sophisticated structures such as nanoparticles, 
nanoflowers or nanopillars are easily manufacturable with good quality and controllability on a large 
scale. Typically, atomic layer deposition (ALD) or chemical vapor deposition (CVD) processes are not 
the methods of choice as these techniques are dedicated to 2D layer depositions and are in need for a 
3D scaffold to generate 3D structures.  
 
In contrast, metastable ALD (MS-ALD) enables to fabricate complex 3D nanostructures exploiting a 
self-assembly approach without the need for pre-structured or pre-defined 3D substrates (Fig. 1 a). In 
our recently established approach, a planar silver layer is oxidized in the ALD reactor to a metastable 
silver oxide and subsequently decomposes to elemental silver and reactive oxygen. So, the silver acts 
as a time-limited precursor container and to favourable side-reactions, resulting in 3D architectures 
such as porous sponges, nanoparticle like structures or nanowires [1]. The morphology of the structures 
can easily be adjusted by tuning the respective parameters of the ALD process. In an already 
established MS-ALD process, the resulting structures consisted of silver nanoparticles and silica 
originating from the silver template and the ALD of silica (AgNP@SiO2), respectively. Optical optimized 
structures revealed high performance absorption characteristics above 99.5 % over a broad wavelength 
range from 220 nm up to 4000 nm. This offers the opportunity for applications in stray light reduction, 
water evaporation systems to generate fresh water [2] or photo thermoelectric power generation [3]. 
 
Nevertheless, so far optimized structures were only investigated using the ALD of silica to generate 
AgNP@SiO2. This material combination is not applicable for industrially relevant catalytic applications 
such as plasmon-induced water splitting or direct solar-driven energy conversion due to the dielectric 
function of the silica. Consequently, the non-conductive scaffold SiO2 has to be substituted by 
conductive layers such as titania (TiO2) or zinc oxide (ZnO) to fabricate AgNP@TiO2 or Ag-NP@ZnO 
nanostructures. As precursors TTIP, DEZ and Zn(DMP)2 [4] were used (Fig. 1 b-d). Structures 
generated using DEZ exhibited nanoparticle-like structures and no favourable 3D structure, which was 
associated with the too high reactivity of DEZ. We found that the side-reactions were dependent on the 
reactivity of the first precursor. The DEZ reactivity led to a coverage of the silver layers and thus, 
supressed the formation of metastable silver oxide, which is crucial for the self-assembled formation of 
the 3D architectures. Zn(DMP)2 reveals a slightly lower reactivity compared to DEZ and stability, which 
facilitated the controllability within the MS-ALD process. By doing so, elevated sponge-like structures 
were fabricated. So far optimized structures revealed absorptions efficiencies in visible spectra of 94 % 
and 80 % in near infrared (Fig. 2). 
 
 
 
 

104



  
  

  
  

Fig. 1: SEM cross section images of 3D structures generated using different precursors: a) TDMAS, b) 
TTIP, c) DEZ and d) Zn(DMP)2 

 
Fig. 2: Absorption spectra of so structures generated using DEZ, TTIP and Zn(DMP)2 in comparison to 
high performance MS-ALD structures using TDMAS. 
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Conformal and superconformal growth of silicon carbide (SiC) coatings on structured graphite 
substrates has been achieved by both continuous and pulsed chemical vapor deposition (CVD) at a 
total pressure of 1 kPa and at temperatures between 950 °C and 1200 °C using silicon tetrachloride 
(SiCl4) and ethylene (C2H4) as the precursors. Several approaches to conformal growth via continuous 
CVD have been reported in the work of Abelson and Girolami [1], albeit with focus on film deposition at 
low temperatures (200 – 300 °C), low pressures (10 – 10-8 Pa), and primarily for electronic applications. 
In the current study, we extend their concepts of conformal CVD to depositions that are performed at 
elevated temperatures and a moderate pressure, which is commonly utilized in hard coating CVD 
processes, e.g., SiC.   
 
Step coverage (SC), which is defined as the ratio of the growth rate at the lower sidewall near the 
bottom of a recessed feature to that at the upper sidewall near the opening, is a conventional way to 
assess the coating conformality. SC < 1 denotes a non-conformal coating, whereas SC =1 and SC > 1 
indicates a conformal and a superconformal coating, respectively. With the continuous CVD, we were 
able to improve the conformality of SiC coatings in a trench with a width-to-depth ratio of 3.3 from nearly 
conformal (SC= 0.98) to superconformal (SC= 2.6) by reducing the deposition temperature, increasing 
the partial pressure of SiCl4 and a minute addition of hydrogen chloride (HCl) as a growth inhibitor [2]. 
Surprisingly, with the pulsed CVD, where the precursors were pulsed alternately into the growth 
chamber and were separated by a hydrogen (H2) purge gas, the deposited coatings exhibited SCs 
between 3.75 and 9 at 1200 °C.  At this temperature, the continuous CVD only resulted in non-conformal 
SiC coatings [3].  
 
The primary factor leading to improved conformality in the SiC growth by the continuous CVD is reported 
to be the reduction of the surface reaction probability, β. A reduced β can be realized either by 
decreasing the deposition temperature or by the surface-site blocking effect. In the current study, the 
latter was achieved by increasing the precursor partial pressure or by adding HCl as a growth inhibitor. 
In terms of the SiC growth by the pulsed CVD, the high degree of conformality at elevated temperatures 
was assumed to be a result of enhanced inhibition effect due to a much higher surface coverage of Cl 
species during the SiCl4 pulse. On the other hand, the pronounced superconformal growth seen in the 
pulsed CVD process may originate from a stronger inhibition effect close to the opening of the trench 
because the HCl producing from the SiC growth reaction at the bottom would diffuse upwards, leading 
to an increase of HCl partial pressure at the upper part of the trench, and therefore a stronger inhibition 
effect was resulted. 
 
Our findings in improving the SiC coating conformality at elevated temperatures and a moderate 
pressure could potentially benefit numerous hard coating CVD processes using chlorinated precursors 
because these coatings are often deposited under such conditions. 
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Figure 1. The cross-sectional SEM micrographs of the overall view (a), upper (b) and lower corner 
(c) of a SiC coated trench with a width-to-depth ratio of 3.3. The SiC coating was deposited by 
continuous CVD at 950 ℃ and 1 kPa with pSiCl4= 20 Pa, pC2H4/SiCl4= 1 and padded HCl= 10 Pa [2]. 

 

 

Figure 2. The cross-sectional SEM micrographs of two SiC coated trenches with a width-to-depth 
ratio of 4 by continuous CVD (a)(b)(c) and pulsed CVD (d)(e)(f). (c)(d) are the overall views of the 
deposited trenches, and (a)(e) and (b)(f) are the upper and lower sidewalls, respectively. The sample 
prepared via continuous CVD was deposited at 1200 ℃, 1 kPa with pSiCl4= 20 Pa, pC2H4/SiCl4= 1 and 
padded HCl= 0. Although the sample prepared via pulsed CVD was deposited in the same ambient 
conditions, the precursors were pulsed alternately into the growth chamber and were separated by 
a H2 purge [3]. 
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The development of smart implantable medical devices, focused to neuro-stimulation and/or recording 
with high resolution and long-term neuronal activity, are gaining a powerful importance in Neuroscience, 
aiming to a deep study of cerebral functions and in the treatment for neurodegenerative diseases, which 
are closely linked to an increase in the number of elderly people. Alzheimer, senile dementia, 
Parkinson’s movement disorders, and other dyskinetic pathologies are constantly increasing and 
strongly connected to age, slowly evolving, characterized by a progressive and irreversible 
degeneration of neuronal system [1]. Others, such as epilepsy, cerebral stroke, and spinal injuries have 
recently encountered important and powerful advances in neurostimulation for therapy and 
rehabilitation. Currently, there are no specific therapies with a heavy impact on caregivers, health, and 
care system [2,3]. However, in the recent years, neurostimulation has gained more and more 
importance as a complementary approach or, in some cases, replacement of drug treatments. In the 
wider framework of bioelectronics, the present work tackles the urgent need of miniaturized interfaces 
between living and artificial systems (neuronal cell/CMOS-based specimen), consisting of highly 
biocompatible materials for applications in smart biosensors, characterized by long-term endurance and 
stability to mimic as better as possible the natural interaction with the native organ to restore 
functionality (neurobiohybrids) [4,5]. Specifically, thanks to the exploitation of Nanotechnology, the 
proposed research aims to understanding the ALD potentialities for downscaling synthesis of highly 
conformal and biocompatible dielectric TiO2 thin films, both focusing the attention on material 
biocompatibility at neuron/biomaterial interface, as well as satisfying the dielectric properties of the 
interfaces. The deposition and characterization of nanostructured dielectric TiO2 coatings via Low 
Pressure-ALD (LP-ALD) with a controlled composition, structure, and conformality have been carried 
out. The control of all the film properties combined with the development of an easy UV surface 
functionalization protocol to induce highly wettable and encapsulating surfaces was of crucial 
importance for the response of the prototype titania interfaces to be tested. Wettability, biocompatibility, 
preliminary electrochemical, and electrophysiological behavior of the materials were analyzed. 
Moreover, the optical properties of the grown thin films were analyzed by spectroscopic ellipsometry to 
infer porosity and photoactive defects that can also play a role in biocompatibility. 
Aiming to evaluate the functional biomedical applications of the ALD-deposited TiO2, neuronal 
biocompatibility in-vitro tests were probed. In this regard, to study the influence on cell adhesion, growth, 
and progress, the simple surface functionalization method by using UVC radiation has been developed 
obtaining highly wettable surfaces. In-vitro neuronal biocompatibility of the encapsulating titania was 
tested by plating rat hippocampi neurons and monitoring their development and morphology in culture 
before and after UV exposure. TiO2 thin films subjected to UV pre-treatment were highly biocompatible: 
neurons displayed a development and morphology comparable to neurons seeded on standard Petri 
dishes. To establish the efficacy of the capacitive behavior of the deposited prototypes, a preliminary 
electrochemical characterization was carried out in Simulated Body Fluid (SBF) solutions at 
physiological temperature and pH. The electrochemical characterization was also preliminary 
investigated as function of surface wettability of titania surfaces. TiO2 thin films demonstrated a non-
faradaic range and a cathodic threshold voltage, which were suitable for an implantable electrode, 
together with high dielectric constant, k, of primary importance for capacitive communication devices.  
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Electrophysiological studies, through patch-clamp protocol, demonstrated a great action potentials and 
activity passive properties, like resting potential (Vresting), much closer to physiological values for neurons 
on UV-exposed TiO2 deposits. The investigated neuron passive properties differ greatly in relation to 
the presence or absence of the UV exposure, showing a difference in the maturation of the neurons, 
characterized by an enhanced neuronal compatibility on UV treated-TiO2 surfaces.  
 

 
 

Figure 1. Schematic representation of the developed process.  
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Graphene nanoribbons (GNRs), i.e. quasi one-dimensional stripes of graphene with typical widths of 
several carbon atoms and lengths in range of 10 nm – 100 nm, are an interesting class of materials for 
various applications due to their tuneable electronic structure depending on nanoribbon width, edge 
type, and (in case of doped GNRs) dopant nature [1]. Inter alia, GNRs look promising as templating 
substrate for ordered growth of organic semiconductor (OS) molecules that are deposited on top. The 
state-of-the-art methods of GNRs synthesis are bottom-up processes involving polymerization of 
precursor molecules, which determine the core structure of the GNRs being synthesized, atop catalytic 
surfaces (commonly crystalline gold), and are typically performed either under ultra-high vacuum (UHV) 
conditions [2, 3] or by atmospheric pressure chemical vapor deposition (APCVD) technique [4]. Despite 
leading to GNR layers of reduced quality, the APCVD method, compared to the UHV one, possesses 
the advantages of simplicity and better scalability, which makes it a promising option for testing new 
types of precursors and developing corresponding routes of GNRs synthesis. 
This work is aimed at gaining a better understanding of the GNRs synthesis by APCVD and gaining 
insights into how the process parameters influence the product for further optimization of the process. 
For that, we focus on one of the best-described GNRs synthesis routes, 7-atoms-wide armchair-type 
GNRs (7-ANGRs) made from the precursor 10,10′-dibromo-9,9′-bianthracene (DBBA) and control the 
results through mass- and Raman spectroscopy. Eventually, this effort may contribute to the 
development of CVD-based synthesis of 2D functional materials useful for modern organic electronics. 
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Fig. 1. Scheme of the 7-AGNRs synthesis from DBBA via on-surface catalytic reaction 
 

 
Fig. 2. Raman spectra of 7-AGNRs@Au(111) produced by AP-CVD and 7-AGNRs@Au(788) by UHV 

showing the characteristic peaks 
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Zirconium dioxide (ZrO2) is an attractive material for protective coatings due to its low thermal 
conductivity, high erosion resistance, high thermal robustness, and mechanical strength. Furthermore, 
ZrO2 features a thermal expansion coefficient that is similar to many metals which makes it an appealing 
material for thermal barrier coatings.[1] In addition, the great inertness towards extreme pH and 
oxidation environments of cubic ZrO2 also enables its use as corrosion protection coatings (CPC).[2] 
 
Growth of ZrO2 via chemical vapor deposition (CVD) method features advantages that are important for 
protective coatings such as conformal film growth on large and complex substrate geometries while 
allowing a precise structure control. 
 
Although, there are several reports on CVD processes of ZrO2, the number of reports investigating the 
growth of ZrO2 as a CPC on stainless steel substrates is rather limited, arguably due to challenging 
processing on these substrates, which are prone to oxidation. This motivated us to develop a direct 
liquid injection chemical vapor deposition (DLI-CVD) process involving the heteroleptic 
[Zr(OiPr)2(tbaoac)2] (1) compound (Figure 1 a)) and oxygen as the co-reactant.[3] The growth 
characteristics of ZrO2 on Si and AISI 304 stainless-steel substrates at varied deposition temperatures 
were investigated in detail by means of GIXRD, SAED, TEM, AFM and SEM. Compositional analysis 
was conducted by XPS, RBS/NRA and FT-IR followed by determination of the corrosion protection 
performance of ZrO2 on AISI 304 utilizing electrochemical impedance spectroscopy (EIS). 
 
Structural analysis revealed that the deposition temperature significantly influences the growth 
characteristics: while at 500 °C to 700 °C polycrystalline monoclinic and cubic ZrO2 was deposited, at 
400 °C an amorphous and compact film with cubic crystalline domains at the interfacial region was 
obtained (Figure 1 b) and c)). To correlate the corrosion protection capabilities of the ZrO2 films on 
stainless steel with the structure, electrochemical impedance spectroscopy (EIS) measurements of the 
processed films were conducted. The mainly amorphous film grown at 400 °C, outperforms the ones 
deposited at elevated temperatures (500 °C – 700 °C) as shown by the Bode plots in Figure 1 d). The 
findings on the growth characteristics and CPC properties of ZrO2 on stainless steel substrates serves 
as a benchmark for future application on steel tools in industry. 
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Figure 1. a) Thermal analysis of [Zr(OiPr)2(tbaoac)2] (1). b) Photograph of ZrO2 thin films on Si and 
stainless steel (AISI 304) substrates and GIXRD patterns of ZrO2 on steel substrates. c) High resolution 
TEM measurements of ZrO2 deposited on AISI 304. d) Bode plots with different immersion times for 
ZrO2 on AISI 304. 
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Introduction 
Mass spectrometric techniques can provide data on the composition of a studied sample, utilizing both 
targeted and untargeted approaches to solve various research problems. Analysis of compounds in the 
low mass range has practical implications in many areas of research and industry. Laser desorption 
ionization techniques are utilized for the analysis of molecules in a low mass region using low sample 
volume, providing high sensitivity with low chemical background. The fabrication of substrates based 
on nanostructures to assist ionization with well-controlled morphology may improve LDI-MS efficiency 
for silver nanoparticles with plasmonic properties. In this presentation, we report an approach for the 
preparation of silver nanostructured substrates applied as laser desorption ionization (LDI) plates, using 
the chemical vapor deposition (CVD) technique [1]. 
 
Materials and Methods 
For the synthesis of the LDI plates, stainless steel (H17) was cut to pieces 2.5 × 7.5 cm. The surfaces 
of the steel samples (substrates) were covered by the silver coating, consisting of densely packed silver 
nanoparticles and microparticles (AgPs). For this purpose, a chemical vapor deposition (CVD) 
technique was used. In our CVD experiments, [Ag5(O2CC2F5)5(H2O)3] has been used as a precursor. 
The morphology of created coatings was studied using a scanning electron microscope. The structure 
of the AgPs films was investigated using an energy-dispersive X-ray diffractometer with a copper 
monochromator and CuKα radiation (λ = 0.15418 nm). XRD patterns were collected in the 2Θ range 
10–80°, step 0.02° and time 20 sec. For the purposes of the NALDI experiments, Ag films were prepared 
in real time, and the storage time of samples (in a closed box, at room temperature and with limited 
access to light) was not longer than 2–3 days. 
The LDI-MS performance of the synthesized plates was evaluated by using stock solutions at 
concentration of 1 mg/mL and standard mixtures of various lipids. Stock solutions of adonitol, glucose, 
fructose, shikimic acid, methionine, serine, alanine and phenylalanine were prepared by dissolving a 
powder of each standard in water. Stock solutions of cholesterol, oleic acid, palmitic acid and PC were 
prepared by dissolving a powder of each standard in chloroform. The standard mixtures of the various 
lipids were sonicated for 5 min prior to spotting to the target plate to avoid precipitation of lipids during 
storage. Subsequently, 1 µL of the stock solution of each compound and standard mixture was spotted 
to the synthesized LDI plates. LDI-MS analysis of low molecular weight compounds was carried out in 
both positive and negative ion-reflectron modes with the utilization of laser power at 80% in the mass 
range of m/z 60–1500. Analysis was performed using an UltrafleXtreme II MALDI-TOF-MS apparatus 
equipped with a modified neodymium-doped yttrium aluminium garnet (Nd:YAG) laser operating at 355 
nm and frequency 2 kHz. Mass calibration was performed using signals of silver using quadratic and 
cubic enhanced calibration methods individually for each spectrum. Theoretical m/z values of the 
analyzed compounds were calculated by using ChemCalc program.  
 
Results and Discussion 
Our main idea was to study the dependency between the size of the deposited silver particles (AgPs), 
the coatings’ surface morphology and the LDI plates’ sensitivity to various low molecular weight 
compounds. For this purpose, the plates were subjected to characterization using scanning electron 
microscopy (SEM) (Fig.1) and X-ray diffraction (XRD) techniques (Fig 2). The use of different masses 
of solid Ag precursor and similar deposition conditions enabled controlling the surface morphology of 
the deposited layers as well as controlling the size of the AgPs deposited. The presented approach 
allows for the synthesis of LDI plates with tunable sensitivity for various classes of small biomolecules. 
The utilization of a chemical vapor deposition technique with various values of the mass of the precursor 
resulted in the formation of structures with sizes 50–330 nm and up to 1 μm with irregular shapes. Small 
biomolecules were detected at nanomolar concentrations, while lipids were detected at the picomolar 
level with a reduced chemical background (Fig.3).  
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Conclusions 
Depending on the mass of used CVD precursor, the approach allowed the synthesis of LDI plates with 
tunable sensitivity for various low molecular weight compounds in both ion-positive and ion-negative 
modes. Reduced chemical background and sensitivity to small biomolecules of various classes (fatty 
acids, amino acids and water-soluble metabolites) at nanomolar and picomolar detection levels for lipids 
such as triacylglycerols, phosphatidylethanolamines and lyso-phosphatidylcholines represent an 
emerging perspective for applications of LDI-MS plates for the collection of molecular profiles and 
targeted analysis of low molecular weight compounds for various purposes. 
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Fig.1. SEM images of CVD AgPs films deposited on stainless 
steel. 

Fig.2. XRD spectra of CVD AgPs 
films. 

Fig.3. LDI-MS spectra of the standard mixture of phosphatidylethanolamines for the 
LDI plates. 
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Ruthenium sulfide (RuS2) or laurite, is known as a very active catalyst for hydrodesulfurization and for 

the hydrogenation of organic compounds.[1,2] With the advent of renewable energy and the need to 

utilize new energy carriers hydrogen is among the top candidates. Its production via water splitting 

however requires effective catalysts.[3] RuS2 is anticipated to be a very efficient catalyst for this 

application and has already been successfully tested.[4,5] RuS2 is further said to be corrosion resistant 

and in addition is a very promising semiconducting material. 

To this day, the fabrication of this desirable material has been mostly limited to solution chemical 

approaches for nanoparticles and physical vapor deposition (PVD) methods for films, omitting the 

advantages chemical vapor deposition (CVD) provides.[6,7] With CVD the coating of large area and 

topographically challenging substrates can be realized, which is advantageous for catalysis 

applications. 

In this work, we venture into closing this gap with by developing a new MOCVD process for RuS2. The 

combination of the proven CVD ruthenium precursor Ru(CO)2(tBuAMD)2 in combination with elemental 

sulfur (S8) was chosen. The use of toxic H2S, generally employed in the CVD as well as PVD of metal 

sulfides, was readily circumvented due to the favorable reactivity of the amidinate ligands of the Ru 

precursor with S8 under the applied process conditions.[8,9] Herein, comprehensive CVD process 

development was undertaken and is explored in this study to investigate new pathways to obtain RuS2. 

The deposited thin films were thoroughly characterized in terms of their crystallinity, morphology, optical 

properties, and composition to establish an understanding of the influence of the process conditions on 

the forwarded material. 

While the threshold temperature for continuous film formation was as low as 350°C, the optimal 

deposition temperature was found to be 600°C on Si(100) substrates. The as-deposited films were 

homogeneous and smooth with a pronounced degree of crystallinity (Fig. 1). Additionally, at 600°C high 

purity and stochiometric layers were formed (Fig. 2), proving the high quality of the deposited material. 

For the different deposition temperatures employed the interesting observation was a change in band 

gaps. For an increase in deposition temperature not only an improved purity was observed, but both 

the direct and indirect band gaps increased notably. Preliminary studies on the use of these layers as 

catalysts for hydrogen evolution reaction is underway and seem promising 

With this study the library for CVD processes for Ru containing materials has been enriched with 

another valuable material system. The capability of careful process design and precursor choice to 

finetune the material properties has thus been proven. 
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Fig. 1: X-ray diffractograms of RuS2 thin films deposited at different deposition temperatures. The 
inset shows a cross-sectional SEM of a film deposited at 400°C. 

 
 

 

66% 64%
65%

53%

30% 29% 32%
25%

400 500 600 800
0

20

40

60

80

100

2.062.18 2.062.26

11 %

C
o

n
te

n
t 

(a
t 

%
)

Temperature (°C)

 Ru

 S

 C

 N

 O

9 %

S/Ru Ratio:

a)

 
Fig. 2: Composition of RuS2 thin films deposited at different temperatures depicted with corresponding 
S/Ru ratios. Atomic percentages were obtained from fitting RBS and NRA spectra. 
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Among the large family of ferroelectrics, the perovskite-type KNbO3 has attracted considerable interest 
in the field of agile dielectric devices for its electro-optic and acoustic properties. However, the synthesis 
of KNbO3 single crystals is very challenging, and only very expensive single crystals with small sizes 
are available at present. To bring this material towards industrial applications, the only remaining 
possibility is to use the grown KNbO3 thin films. Nevertheless, the growth of KNbO3 is far from being a 
routine process due to the high volatility and reactivity of K2O. Various approaches have been used in 
the literature for KN thin films growth, including (i) using excess alkali metal oxides during synthesis; (ii) 
thermal annealing of deposited films in an alkali metal oxide atmosphere; and (iii) low-temperature 
synthesis and reduction of crystallization temperatures to suppress or reduce the volatility of alkali metal 
oxides [1], [2]. The composition of multicomponent oxide films changes due to volatile constituents as 
a function of layer thickness, growth direction, and deposition conditions. Controlling thin film 
stoichiometry using physical deposition methods (pulsed laser deposition, RF sputtering, etc.) is 
particularly difficult due to increased volatility at high vacuum conditions. As with chemical deposition 
methods, the homogeneous composition of such thin films can be much more easily adjusted by 
changing the ratio between different element precursors. The major challenges identified in most 
literature works appear to be control of potassium content in films, repeatability of depositions, and 
difficulty in locating a reliable K precursor. 

To overcome these challenges, pulsed-injection metalorganic chemical vapor deposition (PI MOCVD), 
a technique that allows for digital control of the film deposition and K content, and consequently 
stoichiometry, was used in the current study to deposit KNbO3 thin films on C-sapphire, R-sapphire, 
and 36°Y-LiNbO3 substrates (supplied by Roditi) [3]. KNbO3 films were obtained by growing mixtures 
of potassium and niobium precursors that were dissolved in 1,2-dimethoxyethane. A heated evaporator 
received microdoses of the solution at a frequency of 0.5 Hz, and a gas combination of Ar and O2 (33%) 
carried the vapor to a hot substrate. 700°C was used as the deposition temperature. 

For potassium, two distinct precursors—a commercially available K(tmhd) and a laboratory-produced 
K4(hfa)4tetraglyme— were considered [4]. Nb(tmhd)4 precursor was used for niobium. TGA was used 
to study the evaporation/decomposition behavior of the precursor mixtures. In the precursor mixtures, 
as the molar ratio between K4(hfa)4tetraglyme : Nb(tmhd)4 increases, the volatility behavior is better 
with single-step decomposition. In contrast, as the amount of K(tmhd) increases, the volatility of the 
K(tmhd): Nb(tmhd)4  tends to decrease. The phase composition and texture have been examined by 
using X-ray diffraction, (XRD). Through the use of energy-dispersive X-ray analysis (EDX) and surface 
scanning microscopy (SEM), the elemental composition and surface morphology were investigated. 
According to EDX and XRD analyses, films grown using the K(tmhd) - Nb(tmhd)4 precursor combination 
consisted of a variety of K-poor phases (K4Nb6O17, K3Nb7O19, K6Nb10.88O19, KNb3O8, etc.) even at very 
high K precursor excess. This may be because the inner coordination sphere is unsaturated in K(tmhd), 
which results in low volatility or high instability under ambient conditions. 

On the other hand, the thin films grown by using advanced K4(hfa)4tetraglyme and standard Nb(tmhd)4 
precursors with molar ratio of K/Nb=8, presented a K/Nb ratio close to 1, as indicated by EDX analysis. 
In the K4(hfa)4tetraglyme precursor molecule, the potassium in the center is saturated with a polydentate 
coordinating ligand and the precursor is more stable compared to K(tmhd) and has a suitable volatility 
leading to cleaner decomposition inside the CVD reactor.  The phase composition and the texture have 
been analyzed utilizing X-ray diffraction (XRD) and the thin films consisted of a single orthorhombic 
KNbO3 phase. The film texture and morphology were highly dependent on the substrate ( Fig. 1). In the 
case of R-sapphire substrates, a mixture of (110) & (001) with the presence of (111) orientation have 
been obtained. The morphology of these films consisted mainly of crystallites with square shape rotated 
by 90° and 45° in the substrate plane with respect to each other. In the case of C-sapphire, the 
dominating KNbO3 orientation was (201), which presents triangular growth symmetry, which can be 
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identified in its stereographic projection (Fig. 1i) as well. The purest (001) growth texture was obtained 
on 36°Y-LN substrates, which is identified from the homogenously oriented squares in the morphology 
(Fig. 1e). SEM cross-section of the thin films revealed a dense films. 

Better control of K composition in KNbO3 films has been demonstrated by using K4(hfa)4tetraglyme 
precursors with respect to the industrially available K(thd) precursor. This enabled the growth of pure 
KNbO3 films and their epitaxial growth on different substrates. Efforts to grow high-quality KN on bottom 
electrode are ongoing to realize the electromechanical properties of the films. 

 
Fig. 1: XRD patterns (a, b, c) and SEM images of morphology (d, e, f) of KNbO3 films grown on  R-
sapphire, 36°Y-LN, and C-sapphire substrates, respectively. Stereographic projections of (110), (001), 
and (201) planes of orthorhombic KNbO3 (g, h, and I, respectively).  
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In situ biological observations require stable, accurate and local temperature control of specimen. 
Several heating elements are coupled with microfluidic systems, but few of them are transparent to 
visible light and therefore compatible with microscopic observation. Traditional transparent electrodes 
such as indium tin oxide, still suffer from high fabrication cost and brittleness, which is not fully 
compatible to emerging microfluidic devices. Here, we propose a lightweight, low-cost, flexible 
transparent heater [1] based on percolating silver nanowire networks, protected with a transparent zinc 
oxide film deposited by Spatial Atomic Layer Deposition (SALD),[2,3] for the in situ monitoring of 
biological experiments. Using the fluorescence of dyes bound to double-stranded DNA to monitor its 
temperature in situ, we demonstrate that such nanocomposites allow rapid and reproducible heating 
under low applied voltage.[4] Furthermore, selective heating is achieved in different zones of the same 
microchannel or for adjacent with a single transparent heater and bias. 
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Owing to their unique 4f-electron shell configuration, rare earth (RE) containing thin films possess highly 
interesting properties. In particular, RE sulfides (RES) show promising magneto-optical properties and 
may be used in new technologies such as spintronics[1] and quantum sensing devices.[2,3] However, 
due to the oxophilicity of RE metals[4], the fabrication of RES thin films is challenging and the research 
that has been done on this topic so far is limited. To obtain a comprehensive understanding of these 
materials and to advance this field of research, metalorganic chemical vapor deposition (MOCVD) as a 
versatile gas-phase method is well suited. 
 
In this context we have developed a new MOCVD process for the growth of crystalline EuS and Eu3S4 
thin films.[5] Facilitated by the employment of closely related Eu(III) precursors containing the amidinate 
and guanidinate ligands in combination with elemental sulfur, EuSx films were deposited on Si 
substrates at moderate process conditions apart from avoiding the toxic H2S that is commonly used for 
metal sulfide film growth. From XRD measurements, it was inferred that the crystalline phase (EuS or 
Eu3S4) depends on the temperature and the type of precursor used (Fig. 1). EuS films deposited on 
Si(100) showed optical properties comparable to bulk EuS (Fig. 2, left), and superconducting quantum 
interference device (SQUID) magnetometry measurements revealed the ferromagnetic character of 
these films (Fig. 2, right). This demonstrates the high-quality of the CVD grown EuS films that seem 
promising for future magneto-optical and magnetic devices as well as potential applications in 
spintronics. Subsequently, we extended the concept to deposit Er2S3 and Gd2S3 thin films using 
amdinate-type Er(III) and Gd(III) precursors with elemental sulfur. The Gd2S3 layers were found to be 
crystalline above 700 °C, while the Er2S3 films were amorphous for temperatures ranging from 400 °C 
to 800 °C. The ongoing studies are focused on phase control via varying CVD process parameters and 
on investigating the magnetic and magneto-optical properties of the RES films. 
 
 
 
 

 
Figure 1. Structure of EuSx thin films determined by XRD. The phase change from Eu3S4 to EuS is 
indicated by arrows. 
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Figure 2. EuS film properties: (left) optical properties via Raman spectroscopy and (right) magnetic 
properties via SQUID magnetometry measurements. 
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2D materials such as molybdenum disulfide (MoS2) have attracted a lot of research interest due to their unique 
structural and (opto)electronic properties. As a result they are proposed to be suitable for a variety of 
applications that include their implementation in next-generation electronic devices such as thin film transistors 
(TFT), photovoltaics, batteries, sensors, or as catalysts for the electrocatalytic hydrogen evolution reaction 
(HER).[1] Most of the reports on 2D-MoS2 are either via exfoliation routes or the classical chemical vapor 
deposition (CVD) routes involving the sulfurization of molybdenum oxide or the use of metal halides in 
combination with H2S.[2] Although exfoliation yields high quality 2D-materials, the scale up of this route is 
limited and in this context, CVD is a preferred processing route for crystalline large area growth with thickness 
control. 

In classical CVD routes, precursors like molybdenum halides (e.g. MoCl5, MoF6) with H2S as co-reactant or 
the direct conversion of molybdenum oxides with H2S have been used to grow MoS2.[2] Beside halide 
incorporation, high deposition temperatures are needed and additionally the use of the highly toxic H2S.[3] To 
grow large area crystalline MoS2 at lower temperatures, metalorganic precursors containing Mo can be 
employed to grow films at moderate process conditions .[4] One other approach to grow MoS2 is to use single 
source precursor (SSP) which contain both Mo and S. This pathway can also simplify the CVD processing of 
MoS2 without an additional sulfur source and can also yield films at moderate process conditions.  

Herein we report the development of a new MOCVD process using the single source precursor [Mo(StBu)4] 
where Mo is surrounded by a sulfur coordinated ligand [5]. The role of the precursor on morphology, structure, 
composition and optical properties is thoroughly investigated using complementary analysis namely SEM, 
RBS/NRA, XPS, XRD and Raman spectroscopy to elucidate the structure, composition and quality of the MoS2 
layers. Figure 1 (XRD and Raman analysis) confirms the formation of hexagonal phase of MoS2 using the 
SSP-MOCVD approach. Further results obtained are promising in terms of large area deposition of 
stoichiometric and high purity thin crystalline MoS2 layers at moderate process conditions. The obtained results 
are compared to previously reported aerosol assisted (AA) CVD using SSPs and MOCVD processes for MoS2 
thin film growth using other metalorganic precursors.  
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Figure 1.  (left) XRD patterns of MoS2 layers grown on Si(100) at different deposition temperatures. (Red 
reference pattern PDF no. 00-037-1492 molybdenite-2H phase). (right) Raman measurement for a MoS2 

film deposited on Si(100) at 600 °C.  
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Human activities are escalating the rise of NO  concentration in atmosphere, resulting in an emerging global 
environmental challenge. Many effective strategies have been developed over past decades to control the 
NO emissions at emission sources, such as physical adsorption and three-way catalyst-assisted 
degradation [1] Countries and regions have enacted stringent legislation to limit NO  emissions originating 
from industry and human activities in recent years. For instance, the UK has implemented the revised 
Convention on Long-Range Transboundary Air Pollution (CLRTAP) and National Emission Ceilings 
Regulations (NECR), mandating a reduction in NO  emissions to 73% of the 2005 levels by 2030 [2]. 
Despite these efforts, global NO  emissions remain in the range of 2-8 TgN/year and continue to increase 
annually [3]. 

Employing self-cleaning surfaces with TiO  coatings can remediate anthropogenic NO  that escapes into 
the atmosphere by a photocatalytic process, where toxic NO  can be converted into comparatively benign 
nitric acid. However, self-cleaning surface coated on glass has yet to demonstrate satisfactory NO  removal 
performance, particularly when it compares to the remarkable performances of TiO  when coated on 
concrete, ceramic, and other surfaces. The diminished photocatalytic activity is not only attributed to the 
inherent drawbacks of semiconducting TiO , such as a high electron-hole recombination rate and low solar 
energy utilization, but also the manufacturing process of commercial self-cleaning glass via Atmospheric 
Pressure Chemical Vapor Deposition (APCVD) [4]. The physicochemical properties and coating thickness 
of TiO  on the glass substrate are significantly influenced by synthesis parameters like gas flow rate, 
reaction time, and saturated vapor pressure of the precursor, all of which determine the product's 
photocatalytic activity [5]. However, there are no articles that have carried out a comprehensive study on 
the relationship between APCVD synthesis conditions efficiency of TiO  coated glass and NO  removal 
efficiency. 

In our work, 58 samples were synthesised by APCVD under various experimental conditions. The 
investigated parameters included CVD deposition temperature (350°C - 600°C), synthesis time (1- 27 mins), 
precursor selection (titanium tetraisopropoxide: TTIP, titanium ethoxide: TiEt and titanium butoxide: TiBu) 
and precursor bubbler temperature (100°C - 220°C). The synthesized samples were subsequently 
assessed for their NO  conversion (Figure 1) and NO  selectivity based on the ISO 22197-1:2016 testing 
procedure [6]. The optimal sample exhibited a NO  conversion of ~22.7%, which was significantly higher 
than that achieved by commercial Activ™ self-cleaning glass (~0.27%). The 58 synthesized samples were 
all analyzed by using XRD, UV-Vis, AFM, SEM, and TAS techniques to investigate their crystal structures, 
optical properties, surface characteristics, and photogenerated charge kinetics, respectively. The 
relationship between CVD synthesis conditions on the physicochemical properties of the TiO  formed, as 
well as the NO  remediation performance, were then evaluated using various machine learning models. 
Among them, we found employing linear regression models can effectively predict and demonstrate the 
relationships between material properties and NOx conversion. Specifically, charge kinetics and surface 
roughness exhibit strong positive correlations, while optical properties display a pronounced negative 
correlation, and crystal properties do not demonstrate a significant relationship with material performance.  

*Corresponding author e-mail:  a.kafizas@imperial.ac.uk 

 

 

 

125



References 

[1] J. Gao et al., Journal of Cleaner Production 288, 125647 (2021). 
[2] K. Pedrosa and B. Vanheusden, in Research Handbook on EU Environmental Law, edited by M. Peeters and 

M. Eliantonio (Edward Elgar Publishing, 2020), p. 296. 
[3] B. A. Nault et al., Geophysical Research Letters 44, 9479 (2017). 
[4] K. D. Sanderson et al., 46th Annual Society of Vacuum Coaters Technical Conference (2003). 
[5] H. M. Yates, P. Evans, and D. W. Sheel, ECS Trans. 25, 781 (2009). 
[6] A. Mills et al., Journal of Photochemistry and Photobiology A: Chemistry 400, 112734 (2020). 
 

 

Figure 1. Effect of APCVD synthesis temperature on the photocatalytic NO conversion efficiency of 
TiO2 coatings on glass 

 

Figure 2. Pearson Coefficient between each tested properties and NO/NOx Conversion 
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Metal-organic frameworks (MOFs) are a class of crystalline materials composed of metal ions/clusters 
as nodes bridged by organic moieties. These materials often exhibit remarkably high accessible 
specific surface areas, uniform and tunable pore volumes, and chemical modularity. Post-synthesis 
modification (PSM) can be performed to adjust the MOF properties, providing new functionalities 
while preserving the network structure. The vapor phase infiltration (VPI) is a promising PSM strategy, 
which has been demonstrated enabling the insertion of metal cation into mesoporous MOFs such as 
NU-1000 and UiO-66.[1-4] 
Herein, post-synthesis modification of microporous porphyrin-based MOFs by VPI will be introduced. 
Using a single precursor, isolated metallic entities are successfully installed in the stable Zr(IV)-based 
porphyrinic bulk MIL-173(Zr), evidencing that VPI is not restricted to mesoporous materials.[5] From 
trimethylaluminum (TMA) and diethylzinc (DEZ), respectively, Al and Zn metals are inserted in a 
saturated manner in the MOF on the available chemical sites. Indeed MIL-173(Zr) presents two types 
of reactive sites originating from the porphyrinic ligand: the pyrrolic porphyrin core (free base), and 
one of the phenolic groups, which remains protonated (Fig. 1a and c). Furthermore, the high chemical 
stability of MIL-173(Zr) allows VPI with these highly reactive precursors without altering the MOF 
structure.  
In the present contribution, the advantage of VPI compare to classical solution PSM and the porosity 
prerequisite for efficient vapor-phase PSM will be highlighted. The structural characterizations and the 
spectroscopic properties of the VPI-modified MOF will be presented. A particular attention will be 
given to the controlled alteration of the optical properties of MIL-173(Zr) as a function of the number of 
VPI cycles (Fig. 1b).  
 

 
Figure 1. (a) Scheme of VPI of the MIL-173 structure, colour code: Zr (purple), inserted metal cations 
after VPI (yellow), N (blue), C (grey). (b) UV-Visible spectra of MIL-173 after infiltration with TMA and 
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(c) the corresponding Al:Zr ratio, determined by EDS analyses, as a function of the number of VPI 
cycles. (c) The Al:Zr ratio tends to a maximum value of 2.5. 
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Combining atomic and molecular layer deposition (ALD and MLD) processes is attractive for realizing 
multilayer stacks of inorganic nanolayers separated by organic nanolayers for accessing novel 
properties via interface effects. The inorganic nanolayers provide thermomechanical stability, and can 
be selected to obtain desired functionalities, e.g., optical, dielectric, electronic and thermal transport 
properties. The interfacial organic nanolayers allow possibilities for property tuning, structural flexibility, 
and accessing novel properties that are completely different from the component materials. Such 
multilayer thin film hybrid materials have been demonstrated by combining ALD-grown metal oxides 
with MLD-grown metalcone polymers using metal-organic precursors with reactive organic moieties, 
such as diols and triols [1]. Hybrid films of zincone exhibit novel properties, e.g., combination of optical 
transparency with high electrical conductivity, low thermal conductivity, and high mechanical flexibility 
[2]. Aluminium oxide and alucone using trimethylaluminum (TMA) as a metal precursor with H2O and 
hydroquinone (HQ) as co-reactants have also been explored [3].  
 

Here, we present for the first time, ALD-MLD of AlN-HQ multilayers using TMA together with a NH3 
plasma, and hydroquinone as co-reactants. We systematically varied the AlN thickness and the number 
of HQ interfaces. Results of X-ray reflectometry analyses support the multilayered nature of the films. 
Fourier transform infrared spectroscopy indicate the presence of Al-N, Al-O, C-C, C=C, C-O and C-H 
bonds. Peaks indicating the fingerprint region together with HQ signatures showed that the benzene 
rings in HQ were ensconced between the AlN layers as intended. X-ray photoelectron spectroscopy 
measurements provide insights into AlN-HQ interface chemistry. Materials property measurements are 
underway. 
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Flexible devices for displays/battery applications are gaining traction every day, but moisture sensitivity 
can be a concern. For this, Thin-Film Encapsulation (TFE) moisture barriers need to be used. However, 
many current technologies rely on rigid barriers that crack and stop performing when flexing strain is 
applied. As a solution, organic/inorganic thin film stacks are now widely explored for TFE for flexible 
applications. 

In this context, we have studied O2 plasma densification of MLD alucone [1], titanicone, tincone and 
zincone. We also investigated the effect on the growth of ALD metal oxides on metalcones with or 
without a prior plasma densification to optimize the deposition of ALD/MLD multilayers. 

Upon plasma treatment, all metalcone layers exhibited a similar behaviour. As shown in Figure 1, a 
bilayer structure was evidenced by X-ray reflectivity (XRR), composed of a (∼2 nm thick) high-density 
layer on top of one with metalcone-similar density. The overall film thickness decreased and its evolution 
during treatment could be monitored with in-situ ellipsometry (Figure 2, left). Both in the dense and less-
dense layer, a saturating behavior was revealed for increasing plasma exposure time. In Fourier-
Transform Infrared Spectroscopy (FTIR), plasma-treated metalcones (PT-metalcones) showed a 
decrease in the C-O region and an increase in the C=O one (Figure 2, right), similar to aged metalcones. 
After several months of aging, only an increase in the O-H band was found. X-ray Photoelectron 
Spectroscopy (XPS) showed a significant decrease of C content in the near-surface region, and a higher 
C content in the underlying “bulk” of the film. Therefore, we conclude that O2 plasma treatments on 
metalcones produce a partial densification of the layers. The near-surface region is transformed into a 
metal oxide (or oxycarbide), while preserving a hybrid layer underneath. The O2 radical species oxidise 
the topmost region of the hybrid film into its corresponding, dense oxide. Some O2 radicals penetrate 
deeper down the layer, oxidizing the original alcoholic structure into an intermediate ketonic one. 

Secondly, metal oxides were grown on top of their respective metalcones, and pristine and PT-
metalcones were compared. Using in-situ ellipsometry, growth on pristine metalcones always suffered 
a delay until the oxide thickness started to increase (Figure 3) [2]. However, an oxide layer immediately 
started growing on PT-metalcones, from the first cycle, offering a very accurate oxide thickness control. 
With this, we hope to have expanded the potential of using stacks of oxides and PT-metalcones for TFE 
applications. The use of O2 plasma densifications could hold potential towards film-ratio optimisation 
for optimum performance at minimal film thicknesses. 
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Abstract figures 

 
Figure 1. XRR shows a bilayer formed upon densification. A dense layer is formed on top while the 

density of the bottom “bulk” remains close to the one expected for MLD metalcone. 

 
 
Figure 2. A metalcone film is densified upon O2 plasma treatment, where in situ ellipsometry data (left) 

shows a bilayer formation and total thickness reduction with saturing behavior. On FTIR (right), the 
C=O region increases in intensity and the C-O band decreases, evidencing that the remaining 

structure is partially oxidised as well. 
 

 
 

Figure 3. In situ ellipsometry data: When growing an oxide on top of a pristine metalcone, a delay is 
always found. In comparison, immediate growth on plasma-treated metalcones (PT-metalcones) 

occurs. 
 

References 
1. Santo Domingo Peñaranda et al. Dalt. Trans. 2021, 50 (4), 1224–1232 
2. Choi et al. ACS Appl. Mater. Interfaces 2016, 8 (19), 12263–12271 
 

* Corresponding author e-mail: Christophe.Detavernier@ugent.be 

 Thickness 
(nm) 

Roughness 
(nm) 

Density 
(g/cm3) 

Si - 0.3 2.3 

SiO2 1.8 1.5 2.7 

Zincone 19.8 0.6 2.6 

ZnO 2.0 0.3 7.4 
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Natural chitin and chitinoid materials have outstanding physical and biological properties, which inspired us 
to develop a process for biomimetic chitinoid organic and hybrid organic-inorganic thin film growth by 
Molecular Layer Deposition (MLD). 
This work reveals a strategy for conformal growth of chitin and hybrid chitin-based biomaterials from the 
gas phase via Molecular Layer Deposition (MLD). We introduce a new type of organic-inorganic hybrid 
polymer, referred to as ''metallosaccharides'', based on sugar monomers as precursors. To ensure 
controlled growth, we couple N-Acetyl-D-mannosamine (ManNAc) with trimethylaluminum (TMA) or 
Titanium tetraisopropoxide (TTIP) from the vapor phase in repetitive cycles to obtain the respective 
biomimetic alumochitin or titanochitin thin films. To investigate these films, we utilize ATR-FTIR, X-ray 
photoelectron spectroscopy (XPS), Solid-state NMR (ssNMR), High resolution TEM (HRTEM) and Energy 
dispersive X-Ray spectroscopy (EDXS).  
The antimicrobial activity of the alumochitin and titanochitin MLD films against Staphylococcus aureus and 
Escherichia coli were tested. Confocal microscopy allowed for analysis of attachment and proliferation of 
the bacteria on metallochitin-covered glass substrates. The results demonstrated high efficacy of both films, 
making them an attractive option for constructing bioactive surfaces. 
Based on the in vitro proliferation of Human primary fibroblasts and HEK (Human Embryonic Kidney) 93 
human cells, cultured on both alumochitin and titanochitin hybrid MLD films, the biocompatibility of the films 
was assessed. All MLD-coated substrates showed higher cell proliferation than the reference samples, 
namely uncoated coverslips.  
Based on density functional theory (DFT), the chemical interactions between precursors ManNAc and TMA 
or TTIP, as well as the probability of the hybrid alumochitin or titanochitin film formation, were modeled and 
showed energetically favorable reaction mechanisms. 
 
This project has received funding from the European Union´s Horizon 2020 research and innovation 
programme under the Marie Sklodowska -Curie grant agreement No 765378.  
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Recently, spinel nanoferrites with general formula MFe2O4 have attracted great attention due to the 
potential application in hydrogen or oxygen production photoelectrochemical cells (PEC), due to their 
electrochemical and photochemical properties. The structure consists of M2+ cations, which usually 
occupy tetrahedral sites and Fe3+ which occupy octahedral sites in a face-centered cubic lattice formed 
by oxygens. Ferrites are active for the oxygen evolution reactions (OER) in PEC devices, through 
combined effects of electronic interactions between cations at octahedral and tetrahedral sites, as well 
as through the impact of different M2+ cations. Ferrites are also easily produced, have good chemical 
stability and redox activity, and the constituent elements are abundant in nature, non-toxic, and low-
cost. Moreover, in this systems it is possible to tune the optoelectronic properties by replacing the 
divalent metal cation.[1] Several p-type ferrites, such as CaFe2O4, CoFe2O4 and NiFe2O4 and n-type 
like ZnFe2O4, have been investigated for applications in PEC cells [2].  
In this work we present the MOCVD process of NiFe2O4, CoFe2O4 and ZnFe2O4 films, with variable 
thickness and morphology, depending on protocol’s parameters, on Silicon (100), strontium titanate 
[STO (100)], ITO/quartz and “metallic foam” substrates. Those ferrites have been obtained at low 
pressure from the commercial iron(III) precursor [Iron(III)tris(2,2,6,6-tetramethyl-3,5-heptanedionate), 
Fe(tmhd)3] and as second metal cation (M2+), the synthetized β-diketonate precursors M(tta)2tmeda (M 
= Ni, Co, Zn), under flows of oxygen and Ar, as reactant and carrier gas, respectively. The three β-
diketonate adducts Ni(tta)2tmeda, Zn(tta)2tmeda and Co(tta)2tmeda, (Htta = 2-thenoyltrifluoroacetone, 
tmeda = N,N,N’,N’-tetramethyl-ethylendiamine), where the tmeda serves as a secondary Lewis base 
ligand,  are nearly isomorphic and isostructural[3], and present small differences in the thermal 
behaviour when mixed in a proper ratio with Fe(tmhd)3 precursor. In order to evaluate the thermal 
behaviour of the three different precursors mixtures, thermogravimetric (TG) and differential scanning 
calorimetry (DSC) analyses have been carried out, to allow the proper setting of temperature in the 
evaporation chamber. XRD measurements have confirmed the ferrite film formation, showing the 
production of polycrystalline ferrite phase on silicon, ITO/quartz and metallic-foam substrates, as well 
as the formation of oriented ferrite phase on single crystal substrates, like STO. The 1:2 stoichiometric 
ratio between the divalent cations M2+ (Ni2+, Zn2+ and Co2+) and Fe3+ is assessed via energy dispersive 
X-ray quantitative analysis (EDX). Moreover, the field-emission scanning electron microscopy (FE-
SEM) images show the various morphology, texture, and thickness of the deposited ferrite films. The 
optical band gap has been evaluated through Tauc plot from the films deposited on ITO/quartz 
substrate. Preliminary measurements have been carried out to determine the catalytic activity in the 
oxygen evolution reaction (OER) and/or hydrogen evolution reaction (HER), which take place in 
photoelectrochemical water splitting devices. 
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Fig. 1: a) XRD Pattern and b) FE-SEM image of a NiFe2O4 film deposited on Si (100). 
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Efficient and diverse utilization of solar energy is becoming increasingly important. The existing 
commercially available technologies must be accompanied by new ones to extend the range of 
applications towards flexible and lightweight devices, for example. With solar conversion efficiencies > 
25%, halide perovskite solar cells show the highest promise among the emerging photovoltaic 
technologies. 
 
Halide perovskites have the general formula ABX3 where most often A = CH3NH3

+, CH(NH2)2
+ or Cs+, 

B = Pb2+ or Sn2+ and X = I—, Br— or Cl—. The most well-known member of this family is methylammonium 
lead iodide CH3NH3PbI3 (MAPI). Its optical and electrical properties are ideal for photovoltaics. The 
properties can be adjusted to match other applications such as LEDs by tuning the composition. 
Moreover, halide perovskite solar cells are made from abundant and low-cost materials.  
 
The perovskite solar cell technology is at the verge of commercialization but is still being impeded by 
scalability and stability issues. Atomic layer deposition (ALD) seems an obvious answer for solving the 
scalability issue and may contribute to improving the stability as well.  
 
Our approach for depositing halide perovskite films relies on ALD of binary metal halides and their 
subsequent chemical conversion to the desired perovskites. Prior to this work ALD of metal halides 
other than fluorides was nonexistent. As the necessary first step, we developed ALD processes for 
binary metal halides PbI2 [1], CsI [2], PbCl2 [3] and PbBr2 [3]. In all these processes, metal silylamides 
are used as metal precursors whereas different metal halides are used as halide precursors. Using the 
binary iodides as the starting point, we have developed the first ALD-based processes for the halide 
perovskites CH3NH3PbI3 [1] and CsPbI3 [2]. The former process involves treatment of an ALD-PbI2 film 
with methylammonium iodide vapor whereas the latter converts an ALD-CsI film into CsPbI3 by 
exposing it to the ALD process of PbI2. Combining these processes with the ALD processes of PbCl2 
and PbBr2 enables compositional engineering as a route to fine-tuned properties and improved stability. 
 
Depositing the perovskite absorber only is not enough. No solar cell is complete without additional 
functional layers. In a halide perovskite solar cell, the perovskite layer is sandwiched between n- and 
p-type semiconductor films. Therefore, at least one material layer must be deposited on the halide 
perovskite, which is challenging due to their low thermal and chemical stability. We have contributed to 
this challenge by developing low-temperature ALD processes for PbS [4] by using Pb(II)amide 
precursors. Our processes enable deposition of p-type PbS on CH3NH3PbI3 perovskite at temperatures 
below 100 ºC, without damaging it. Furthermore, the PbS film also protects the underlying CH3NH3PbI3 
film from degradation under ambient conditions, acting thus in a dual role as a functional layer and as 
an encapsulant (Fig. 1). As another option, we have developed a two-step process for p-type CuI [5]. 
This process involves ALD of CuO at 80-140 ºC and its conversion to CuI at RT, and is compatible with 
the CsPbI3 perovskite (Fig. 2). Our processes form the first steps towards making a complete halide 
perovskite solar cell by ALD-based methods.  
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Figure 1. Left: Cross-sectional SEM image of a PbS-capped CH3NH3PbI3 (MAPI). Right: MAPI film 
reflection intensity as a function of storage time in ambient air (open system) with and without different 
capping films [4]. 
 
  

 
   
Figure 2. Left: Cross-sectional SEM images after deposition of ALD-CuO on γ-CsPbI3 (top) and after 
the conversion of CuO into CuI (bottom). Right: GIXRD patterns of the γ-CsPbI3 film before and after 
the deposition CuI on top of it [5]. 
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Atomic layer deposition (ALD) of lithium (Li)-compound thin films has aroused significant interest in 
recent years. Promising applications are Li-ion thin-film batteries (TFBs), protective particle coatings, 
interface model systems, and neuromorphic computing [1, 2]. Here, we evaluate the performance of 
Li4Ti5O12 (LTO) anodes fabricated by ALD for three-dimensional (3D) solid-state TFBs to power 
upcoming autonomous sensor systems. 
 
The simultaneous increase of power and energy density of full-cell 3D TFBs by coating the battery layer 
stack over micro-structured substrates was recently demonstrated [3]. The required conformal, pinhole-
free deposition, and stoichiometric control of nanometer-thin films on highly structured surfaces are only 
accessible via ALD. The vapor-phase technique based on sequential, self-limiting surface reactions is 
well understood. However, the direct deposition of Li-compound anodes remains challenging [1]. 
 
In previous studies, we developed a thermal three-step ALD process for Li-containing mixed oxides on 
200 mm silicon wafers [4, 5]. This process suppresses the undesired hygroscopic nature of lithium 
hydroxide during deposition with water as the oxygen source. Lithium-tert-butoxide (LTB) and lithium 
hexamethyldisilazide (LiHMDS) were both proven as suitable precursors forming high-quality spinel 
LTO with low impurities after rapid thermal processing. The electrochemical behavior of ALD LTO with 
LiHMDS was examined for the first time and linked to the film texture [5].  
 
In this work, we optimize the LTO ALD process with LTB towards high-capacity 3D TFBs and evaluate 
the electrochemical performance for the first time. The effect of the substrate on the initial growth, 
crystallization behavior, and texture are investigated via in-situ spectroscopic ellipsometry and X-ray 

diffraction. A saturated growth per cycle of around 1.2 Å per cycle for a 7 s LTB pulse enables the 

required thick ALD films for high capacity. The ALD temperature window is explored between 220 and 
320 °C. 
 
Next, we evaluate two approaches to increase the footprint capacity. Planar ALD LTO films with a 
thickness of up to 100 nm are manufactured. 30 nm LTO films revealed excellent power capabilities 
with 50 % of the maximum capacity at extreme discharge rates of 200C. Outstanding cycle performance 
is demonstrated, exhibiting only 2 % capacity loss after 1000 cycles at 100C. By increasing the film 
thickness, the footprint capacity is raised from 1.8 to around 5.5 µAh cm-2. However, the C-rate 
performance of thick films is inferior, which could be related to larger overpotentials due to the low 
conductivity of LTO. First results of LTO on micro-structured substrates with aspect ratios up to 20:1 
show an increase in footprint capacity. However, the film conformality requires further optimization. The 
subsequent increase in energy and power density will be discussed. 
 
Compared to other deposition techniques, the superior performance of ALD LTO is a key enabler for 
scalable high-volume production of on-chip high-capacity 3D TFBs. 
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Preparing supported catalysts is a gentle art, and the employed synthesis method determines the 
selectivity and activity of the catalyst. The size and shape homogeneity of supported nanoparticles have 
a decisive effect on catalyst efficiency. The nonuniformity of the supported metal/metal oxide clusters 
alters the catalyst’s selectivity, activity, and stability; it also causes ambiguities when correlating the 
catalytic properties (selectivity/activity/stability) to its structure [1, 2]. The conventional methods of 
supported catalyst preparation, such as impregnation and deposition-precipitation, often fail to produce 
a uniform distribution of the active phase over the support. Furthermore, they may leave a significant 
amount of residues from the mother solution over the support, and these impurities can have a 
suppressive effect on the catalyst activity [2]. These liquid-phase methods also require several post-
synthesis steps, such as filtration, drying, and calcination, which are energy and time intensive, and 
environmentally harmful because of waste production. 
Atomic layer deposition (ALD) offers promising solutions for synthesizing well-defined advanced 
functional nanomaterials, such as supported catalysts. ALD makes it possible to deposit the catalytically 
active material with sub-nanometer control over the support, obtaining highly uniform catalysts [2, 3]. 
ALD has drawn much attention to preparing well-defined catalysts in the last few years. Numerous 
reports demonstrate this method’s advantages for supported catalyst synthesis compared to 
conventional methods. However, most of these studies focus on the microscopic aspects of ALD-
prepared catalysts, and the macroscopic uniformity of the obtained catalyst and the scalability of the 
synthesis procedure received little attention in recent years. 
In this work, we report platinum ALD on commercial mesoporous alumina spheres (SASOL Limited, 
Fig. 1) as test vehicles with a 2.5 mm diameter and a specific surface area of 206 m2·g-1 (BET 
measurement). The alumina spheres were immersed in a bed of glass beads of 120 – 150 µm diameter 
and coated using an atmospheric pressure fluidized bed ALD (FB-ALD) reactor [4]. Fluidized bed 
reactors are widely used in the chemical industry because of excellent mixing and heat transfer, and 
applying them for ALD coating of powders and granules makes large-scale ALD processes for catalyst 
production feasible. (Trimethyl)methylcyclopentadienylplatinum(IV), MeCpPtMe3, was used as the main 
reactant, and synthetic air was used as the counter-reactant for ALD of platinum at 110°C [5, 6]. Five 
samples of Pt/Al2O3 were obtained by varying the MeCpPtMe3 pulse time (3, 6, 12, 24, and 48 min) 
while the oxidizer’s pulse time was kept constant at 10 min; five cycles of ALD were used for all samples. 
The macroscopic distribution of platinum clusters over alumina was visualized using X-ray 
photoelectron spectroscopy (XPS, Thermo Scientific K Alpha X-ray photoelectron spectroscope) and 
low-energy ion scattering (LEIS, IONTOF Qtac 100 low-energy ion scattering spectrometer). The 
platinum’s weight loading was also quantified using inductively coupled plasma - atomic emission 
spectroscopy (ICP-OES). The XPS line scans over the cross-section of alumina spheres (Fig. 2) 
demonstrate an adsorption front at the outer shell of the spheres, and the platinum concentration 
declines when moving toward the center. This trend is evident for the samples with MeCpPtMe3 pulse 
times of 3, 6, and 12 min, and it fades off for the samples with longer exposure time. 
The qualitative platinum surface coverage maps of cross-sections of the alumina spheres obtained 
using LEIS give a visual picture of the platinum distribution at the macroscopic level. In accordance with 
XPS results, the LEIS results (Fig. 3) showed an adsorption front for the samples with lower exposure 
time. This deposition front results in an egg-shell distribution of platinum in the samples with an 
exposure time of 3, 6, and 12 min, which fades off with the increase of exposure time. 
The results of this work, to the best of our knowledge, for the first time visualize the macroscopic 
uniformity of an ALD-deposited noble-metal catalyst in a FB-ALD reactor. Also, this work reports the 
use of industry-relevant millimeter-sized spherical catalyst supports to attain macroscopic uniformity. 
The obtained results demonstrate that ALD can produce supported catalysts, attaining macroscopic 
uniformity. On the other hand, the scalable nature of the fluidized bed reactor employed in this study 
promises an environmentally friendly single-step large-scale catalyst production process. 
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Fig. 1: The SEM image of the cleaved cross-section of a mesoporous alumina sphere. 

 
Fig. 2: The atomic fraction of platinum on the cleaved cross-section of 2.5 mm alumina spheres 

obtained using XPS line scans. 

 
Fig. 3: The qualitative platinum surface coverage maps of cross-sections of alumina spheres with a 

platinum exposure time of a: 3 min, b: 6 min, c: 12 min, d: 24 min, and e: 48 min, obtained using LEIS. 
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Nickel oxide (NiO) is a p-type semiconducting material endowed with attractive properties, encompassing low- 
cost, excellent chemical stability and high transparency in the Vis region. Thanks to these favorable properties, 
NiO thin films are promising candidates for a variety of technological devices, including solar cells, solid state 
gas sensors, UV photodetectors, and light emitting diodes. Among the various physical and chemical 
preparation techniques for the growth of NiO films, chemical vapor deposition (CVD) is a favorable option 
thanks to the adaptability to large-scale production, good conformal coverage, and many degrees of freedom 
to tailor the system chemico-physical characteristics. Yet, its successful implementation is critically dependent 
on the availability of precursors endowed with suitable chemico-physical properties. In this regard, heteroleptic 
diketonate diamine adducts represent promising candidates, fulfilling the criteria of good stability under 
vaporization conditions, suitable volatility and reactivity, and suitable temperature range between volatilization 
and decomposition. In particular, precursor characteristics and behavior can be finely modulated either by 
changing the ligand sterical hindrance, or by introducing F-bearing groups, that can suppress the hydrolysis 
of moisture-sensitive complexes, reduce intermolecular interactions and improve mass-transport properties.  
In this work, we have focused our attention on the development of three different Ni diketonate diamine 
precursors of general formula NiL2TMEDA [L = 1,1,1-trifluoro-2,4-pentanedionate (tfa), 2,2-dimethyl-
6,6,7,7,8,8,8-heptafluoro-3,5-octanedionate (fod), 2,2,6,6-tetramethyl-3,5-heptanedionate (dpm); TMEDA = 
N,N,N′,N′-tetramethylethylenediamine] obtained via an easy and reproducible two-step procedure (Fig. 1a). A 
main aim of the present study is to investigate the interplay between precursor molecular structure and the 
resulting chemico-physical properties, investigated by a variety of techniques (NMR, IR, optical absorption and 
IR spectroscopies, theoretical calculations), as well as with the thermal behavior and fragmentation patterns 
[analyzed by DSC, TGA (Figs. 1b-c) and mass spectrometry techniques]. As a matter of fact, NMR spectra 
(Fig. 1d) and single-crystal XRD analyses showed all the expected main features and accounted for the 
formation of monomeric compounds, endowed with a clean fragmentation pattern and attractive mass transport 
properties. TGA analyses showed a zero residual weight for all the precursors at temperatures higher than 
300°C, and an increasing volatility upon changing L from dpm, to fod, to tfa. For all the investigated compounds, 
the linear vaporization rate trends in Fig. 1c indicated a clean vaporization free from undesired side 
decomposition processes, an amenable starting point for CVD applications. 
The developed compounds have also been validated in thermal CVD experiments aimed at the fabrication of 
NiO films on Si(100) substrates under selected growth conditions, and the resulting materials have been 
characterized by complementary analytical techniques to investigate their chemical composition, structure and 
morphology. The clean precursor decomposition was assessed by XPS measurements (Fig. 2a), that provided 
evidence for the presence of Ni and O signals, whose detailed analyses confirmed the successful obtainment 
of pure NiO. XRD investigation (Fig. 2b) revealed the occurrence of cubic Ni(II) oxide as the sole crystalline 
phase. FE-SEM images (Fig. 2c) showed the formation of compact columnar films, with a morphology almost 
independent on the used precursor. The fluorination degree could be clearly appreciated by in-depth SIMS 
analyses (Fig. 2d). For Ni(tfa)2TMEDA and Ni(fod)2TMEDA, fluorine appeared to be homogeneously distributed 
into NiO films, whereas in the case of Ni(dpm)2TMEDA no fluorine signal could be ever detected. 
Taken together, the presently reported results highlight how Ni(fod)2TMEDA, Ni(tfa)2TMEDA and 
Ni(dpm)2TMEDA can be deemed to be successful precursors for the CVD of nickel oxide-based nanomaterials, 
whose properties can be finely tailored in view of different functional applications [1]. 
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Figure 1. (a) Schematic procedure for the synthesis of the Ni-based precursors. (b) DSC curves and (c) 
Arrhenius plots for the compound vaporization. (d) 13C NMR analysis of Ni(tfa)2TMEDA sample in CDCl3 as a 
sum of four 800 ppm wide spectra (CDCl3 signal at 77 ppm). Inset: compound molecular structure obtained by 
single crystal XRD analysis. 

 

Figure 2. (a) Surface wide-scan XP spectra and (b) XRD patterns of NiO films grown on Si(100) under a wet 
O2 atmosphere. (c) FE-SEM micrographs for NiO films obtained from Ni(dpm)2TMEDA under wet conditions. 
(d) SIMS depth profile of a Ni(tfa)2TMEDA-derived NiO deposit on Si(100). 
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Aluminium oxide (Al2O3) is one of the most studied and established material system owing to the wide 
range of its applications. Fabrication of thin films of Al2O3 via vapor phase deposition processes, namely 
atomic layer deposition (ALD) involves the most widely studied trimethylaluminium/water (TMA/H2O) 
precursor system. This is often considered as an ‘ideal’ precursor combination.  In comparison, the 
reports on deposition of aluminium nitride (AlN), and aluminium (Al) metal films are relatively limited 
which might be associated to the requirement of a reductive process environment. This can either be 
provided by a reducing co-reactant (e.g., NH3, H2) or taking advantage of the intrinsic reductive 
capabilities of the precursor itself. Lately aluminium hydrides (or alanes, AlH3) have proven to be a 
suitable precursor class. A major drawback of alanes however is the limited thermal stability, which can 
be improved by introducing stabilizing ligands. Such stabilized alanes are long known as single source 
precursors (SSP) for Al metal films via chemical vapor deposition (CVD)[1] and have proven to be a 
versatile precursor class for ALD of AlN[2] and Al.[3] Thus, they are proposed to be promising for different 
aluminium based material systems just employing one precursor and varying process conditions and 
co-reactants. 
Herein, we present the synthesis and characterization of a series of stabilized aluminium hydrides. 
These comprise structurally simpler amine stabilized alanes as well as structurally more complex 
compounds featuring multidentate ligands and intramolecular stabilized alanes by introducing e.g., 
dimethylaminopropyl (DMP) ligands. For evaluation as potential (single source) precursors for vapor 
phase deposition processes the compounds were evaluated by comprehensive thermal 
characterization and decomposition studies. The investigated compounds show significantly improved 
thermal stability alongside high volatility (Figure 1), while maintaining the high reactivity of aluminium 
hydride complexes. These properties qualify them as potential precursors for CVD as well as ALD, 
where well considered process conditions could be utilized to deposit different aluminium-based 
material systems. 
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Figure 1 Selected stabilized alanes as potential precursors for vapor phase deposition. Temperature 
range from 35 – 450 °C with a heating rate of 5 K min-1 and a N2 flow of 90 sccm. 
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Zinc sulfide, ZnS, presents an attractive non-toxic alternative to cadmium sulfide as a buffer layer 
material for thin film photovoltaic cells. The bandgap of ZnS can be tuned via oxygen doping, allowing 
for alignment with that of the solar absorber material deployed. This tunability requires control of Zn/S 
stoichiometry whilst also exercising high uniformity during fabrication, and given the intricate nature of 
thin film architectures, controllable and scalable fabrication methods must be considered. In this vein, 
aerosol-assisted chemical vapour deposition (AACVD) is a viable technique for thin film deposition as 
single-source precursors can afford stoichiometric control. Sustainable development of ZnS deposition 
via AACVD must be met with facile precursor synthesis and low deposition temperatures. 
 
While metal amidates have been used for various deposition techniques, thioamidate-based metal 
sulfide precursors for chemical vapour deposition has gone largely unexplored, despite encouraging 
results.[1,2] Bismuth thioamidate was first explored for ALD of bismuth oxide. However, this precursor 
design was deemed to lack the required volatility, instead decomposing at 100 ˚C.[3] By contrast, 
AACVD precursors aren’t confined by volatility. Tin(II) thioamide has been reported to deposit SnS at 
temperatures as low as 200 ˚C with minimal carbon content.[2] In light of this, formulation and analysis 
of zinc thioamides may provide insight into their viability for deposition of ZnS and Zn(O,S) buffer layers. 
 
In this body of work, a novel single-source precursor design was explored as a basis for low-
temperature deposition of zinc oxysulfides via AACVD. A series of zinc thioamidate complexes is 
presented as potential precursors for the deposition of ZnS. Viability studies were conducted using 
thermogravimetric and NMR experiments. Viable precursors were used for thin film deposition at 
temperatures 175 – 300 ˚C. Results give precedent for ZnO/ZnS co-deposition via AACVD for solar cell 
technology, and, more broadly, clean deposition of divalent-metal chalcogenide materials. 
 

 
 

Fig. 1 Decomposition profile of selected zinc thioamidate via thermogravimetric analysis. The 
resulting mass is indicative of ZnS deposition. The molecular structure of the selected precursor 

(insert).  
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Printing based thin film fabrication processes, such as aerosol jet printing (AJP), are an emerging area 

of technological interest within the electronics industry, as a cost-effective means to deposit functional 

materials on a range of substrates.[1] AJP involves the deposition of an ink containing an active 

functional pigment. The pigments of interest for this work are single-source precursors (SSPs) to n-type 

ZnO. ZnO has been used extensively as a material for the semiconducting channel in thin film 

transistors (TFTs), which are a type of field effect transistors that provide the basis for many electronics 

devices.[2] While ZnO is intrinsically n-type, the viability of forming p-type ZnO has been shown through 

doping with shallow acceptor alkali metals, thus ZnO exhibits the versatility required for next generation 

electronics.[3] 

This work outlines the development of several novel precursor complexes compatible with deposition 

of ZnO via AJP. Based on successful ALD and CVD precursors, a series of heteroleptic and homoleptic 

Zn(II) aminoalkoxide complexes were synthesised as potential candidates for routes to printed ZnO 

films. Complexes were charactersied by single crystal x-ray diffraction and multinuclear NMR. 

Preliminary studies, carried out to understand the viablilty of the complexes for thin film depostion, are 

described. Figure 1 shows the thermogravimetric traces of 4 of the synthesised complexes. 

Fig. 1 Thermogravimetric traces of 4 of the synthesised Zn(II) aminoalkoxide complexes with 

corresponding structures shown. 
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Lithium-ion batteries are regarded as a revolutionary technology, widely used in portable devices, 
electric vehicles and large energy storage systems. Due to ever-growing energy needs, the demand for 
higher energy density storage devices has increased. However, the current intercalation-type cathodes 
used, such as LiCoO2, have drawbacks. Capacities are limited to ~ 200 mAh.g-1, costs are high and 
there are ethical implications from sourcing some materials [1,2]. To improve upon this, lithium-sulfur 
batteries are being considered part of the next generation of battery materials, using solid sulfur or 
lithium sulfide as the cathode [3]. Despite having a high capacity (1675 mAh.g-1), sulfur cathodes are 
susceptible to volume changes during the discharge process and are prone to polysulfide shuttling and 
lithium dendritic growth. This results in a significant drop in capacity following the first discharge cycle 
[4,5]. Lithium sulfide has been proposed as a reasonable alternative cathodic material. The fully lithiated 
system (Li2S) boasts a capacity of 1166 mAh.g-1 [3]. However, it is subject to a high activation voltage, 
since the system is in a fully discharged state, prior to its first cycle. With chemical vapour deposition 
(CVD), a lithium sulfide film can be deposited onto a charge collector material with significant control. 
This allows for nanostructuring of the film, which could alter the reaction kinetics and lower the activation 
voltage. This can occur through the design of the precursor material. By using a single-source precursor 
for lithium sulfide, the energetic requirement of deposition is reduced, whilst the use of aerosol assisted 
CVD (AA-CVD) removes the necessity of a volatile precursor material; instead requiring solubility [6].    
 
This work entailed the development of novel single-source precursors for deposition of metal 
chalcogenide thin films via AACVD. Multiple lithium organo-sulfide complexes are presented as 
potential precursors for the deposition of Li2Sx (1≤x≤8). Studies included multinuclear-NMR and DOSY 
experiments, XRD and thermogravimetric analysis. Suitable precursor candidates, such as that shown 
in Fig. 1, are being taken forward for deposition studies to produce films for applications including use 
as charge carrying materials.  
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Fig. 1: TGA plot of lithium thioamidate precursor. Dotted lines highlight calculated Mass % of Li2S2 and 
Li2S. Inset: Crystal structure of lithium thioamidate precursor. Thermal ellipsoids are shown at 50% 
probability. Hydrogens are omitted for clarity. 
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Bismuth compounds have unique properties with high value in various technological fields.  
The most prominent are Bi2Te3 and Bi2Se3 used as thermoelectric materials. Additionally,  
both mentioned chalcogenides have been identified as topological insulators.[1] Elemental bismuth  
or Bi-Sb alloys also possess high order topology.[2] Some Bismuth-containing oxides or halides exhibit 
perovskite structure and can be used as superconductors, ferroelectric materials and show 
photoactivity.[3] 

Atomic Layer Deposition (ALD) of bismuth-containing layers has been achieved using various 
precursors. BiCl3 is a common compound, but it has considerably low volatility. Use of triphenylbismuth 
is often limited by its reactivity only under certain conditions for deposition of specific materials.  
Other bismuth compounds, such as alkoxides[4] or amides,[5] have also been investigated,  
with some successfully utilized precursors. 

This work aims to further expand the bismuth precursors portfolio by investigation of new compounds 
that meet the general demands of ALD precursors (high volatility, thermal stability, appropriate 
reactivity) and can be easily and cheaply prepared in large quantities. For this purpose, fluorinated 
alcoholates were chosen with example of [(CF3)2CH-O]3Bi, which was prepared by simple route  
as low-melting point distillable solid.[6] Another investigated class are tris(trialkylsilyl)bismuthides 
bearing atom of Bi with formally negative charge, which possibly enables new exciting materials in ALD. 

The preparation of potential Bi precursors is followed by characterization by mass spectrometry  
and heteronuclear NMR. Determination of basic thermal properties, as key characteristic for ALD 
precursor was achieved by DSC and TGA. The best candidates with the most suitable properties  
are then tested in ALD. 

 

This works is funded within the project THERMOS (TH80020009). We would like to thank M-ERA.NET 
and Technology Agency of the Czech Republic for support. 
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Atomic level processing, encompassing atomic layer deposition (ALD), thermal atomic layer etching 
(tALE), and molecular layer deposition (MLD) is widely used in semiconductor device production and is 
beginning to show its versatility in production of catalysis, battery materials, coatings for medical devices 
and novel hybrid materials with enhanced functionality. At the core of these processing technologies is 
chemistry that takes place at surfaces. First principles simulations, using density functional theory 
(DFT), are a powerful tool to understand and predict the chemistries of ALD, tALE and MLD to help 
chose new process chemistries or to understand why potential chemistries are successful or not. 
In this contribution we will present an overview of our recent work on mechanisms of atomic level 
processing focussing on the following topics: (i) plasma ALD of cobalt1-3, (ii) chemistries for MLD of 
hybrid inorganic-organic films4-6 and (iii) mechanisms of thermal ALE of crystalline and amorphous 
HfO27-8.  
For Co plasma ALD we have determined the mechanism of a full deposition cycle using Co(Cp)2 and 
NH3/H2 plasma (Figure 1) showing that the nitridation of the Co surface is crucial to promote Co 
deposition and that some incorporation of N into the deposited film is unavoidable. 
For hybrid MLD we explain the experimental findings of poor film growth with typical aliphatic organics 
(ethylene glycol and glycerol) and show that aromatic precursors provide more stable and rigid films. 
We also discuss which functional groups on the organic impart higher stability and how functionalisation 
of the aromatic ring impacts on the fundamental MLD chemistry. 
Finally, we use DFT simulations of the HF chemistry on model crystalline and amorphous HfO2 surfaces 
to understand the differences in etch rates between cHfO2 and a HfO2 and provide an origin for 
enhanced etching of amorphous oxides compared to crystalline oxides. 
If time allows, I will also discuss future directions in atomistic simulations of atomic level processing. 
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Figure 1: Summary of DFT calculations of a full plasma ALD cycle for Co deposition. 
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      Polycristalline silicon carbide (3C-SiC) can have multiple applications in harsh or high temperature 
environment owing to its outstanding strength, hardness, thermal shock resistance and inertness. 
Chemical vapor deposition is used for the production of pure and dense polycrystalline SiC coatings on 
various substrate compatible with the required temperature range for deposition (900°-1500°). For 
instance, deposition on graphite can serve as a protective coating for high temperature applications 
such as semiconductor annealing or doping furnaces. Coating on C/C composites intended for use in 
aerospace industry could protect them against oxidation and mechanical erosion.  
      Many properties of these SiC films depends on their microstructure, for instance grain size can 
influence the thermal conductivity  [1], the hardness  [2] and the Young modulus  [2] of the material. 
Grain size evolution with thickness could also generates a stress gradient as intrinsic stress is often 
located at grain boundary as shown in other polycrystalline materials deposited via gas phase 
process [3,4]. In case doping agents are added in the film, electrical conductivity also depends on grain 
size as grain boundary acts as a carrier trap [5].  
      For the deposition of poly-SiC on complex shaped substrate, hot wall reactors are often used 
allowing a homogeneous heating of the loading thanks to radiation. The drawbacks of these reactors 
are the parasitic deposition on the hot wall that leads to the depletion of reactive species which makes 
it difficult to quickly assess the effect of a change in process conditions on the growth rate and the 
associated microstructure on the area of interest. Setting up new process conditions hence requires a 
lot of trials and errors which can be costly. Computational fluid dynamic (CFD) simulation is a powerful 
tool to evaluate gas flow, temperature distribution and even growth rate. However, only few studies 
relate the local growth conditions (temperature, gas composition…) to the microstructure of the deposit. 
The key parameter for film growth and its microstructure is the supersaturation. While supersaturation 
is hard to define for a binary material that does not evaporate as a single component, several 
propositions have been made in the literature. Most of them are based on thermodynamics 
consideration and consist of calculating separately the gas phase equilibrium composition while 
allowing the formation of the solid or not  [6]. The ratio of both gives an estimation of the supersaturation 
value but consider the CVD process as a black box without accounting for gas flow, temperature 
gradient or reaction kinetics. To overcome this, some authors proposed a way to estimate local 
supersaturation based on CFD simulation and thermodynamic calculation [7]. This approach has only 
been applied to cold wall reactor while it would be of even greater interest for hot wall configuration, 
due to the evolution of the gas phase composition in the hot zone.  
      In this study we simulate a lab-scale CVD apparatus to relate local conditions to the corresponding 
microstructures at different position on the hot wall, upon changing the process conditions (temperature, 
pressure, H2:MTS). The temperature distribution is simulated and calibrated via experimental 
measurement at different position in the reactor. The kinetic mechanism is compiled from several 
references  [8–11] and some kinetic parameters are adjusted to take into account later findings and to 
fit experimental data. The simulation predicts well the experimental growth rate at every position in the 
hot wall reactor on a broad range of experimental conditions, including temperature, pressure, gas flow 
and H2:MTS ratio. The estimation of the local supersaturation correlate well with the microstructure, for 
instance a higher grain size is observed at a lower supersaturation value. As the supersaturation 
depends exponentially on the temperature, this parameter has the most pronounced effect but 
interestingly, while the temperature is kept constant, a change of pressure or H2:MTS ratio leads to a 
different growth rate profile and a shift in preferential orientation and grain size along the hot wall, 
associated to a variation of the local supersaturation. 
      Overall, we demonstrate that local conditions can be estimated via CFD simulation and related to 
the microstructural changes. Although the kinetic mechanism used contained about 40 species and 70 
reactions it could be simplified to a smaller reactions scheme without losing much accuracy in 
determining the growth rate and the main gas-phase species. Some authors in the literature already 
succeeded in simulating complex hot wall reactor but with an oversimplified kinetic mechanism that 
would not allow an accurate determination of the local supersaturation [12]. It is then necessary to find 
a compromise between a very complex reaction scheme and an oversimplified one. Indeed, estimating 

152



local super saturation in bigger reactor in 3 dimensions would help the design of new processes when 
a specific microstructure is looked for at a specific position in the reactor.  

 
 
Fig 1. (a) temperature and gas flow in the CVD reactor, (b) simulated mole fraction for the two main 
species, CH4 and SiCl2 , (c) Simulated temperature profile in black and growth rate in red. Red dots are  
the experimental growth rate.  
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The ongoing transition from fossil feedstock based to renewable chemical industry and increasing 
precious metal scarcity [1] is creating demand for new catalyst preparation and modification methods. 
ALD is a versatile tool for heterogeneous catalyst preparation and modification [2–4]. The benefit is to 
add only desired amount of active metal(s) or functional overcoatings on the catalyst surface. 
Furthermore, the deposition conformality and control over the deposited material provides many 
catalyst finetuning opportunities. There are several fundamental publications [5,6] on modelling the ALD 
parameter effect on the  conformality of the deposited thin film in model channels. However, less work 
has been done to resolve precursor and ALD process parameters effect on a porous, tortuous and 
spherical catalyst particle. Typically presented models have simplified the precursor transport into a 
cylindrical geometry model [7], whereas catalyst particle precursor transport is dependent also on the 
diminishing volume of the spherical geometry.  
 
Our work presents a diffusion-reaction model fitted to a particle with spherical geometry. Table 1 
presents model precursor related parameters (molecular mass, sticking probability, areal number 
density), ALD process parameters (temperature, precursor partial pressure) and catalyst support 
parameters (porosity, tortuosity, pore diameter, surface area, pore volume) to estimate the achieved 
precursor penetration into the catalyst particle with varying dose (mmol/gcat). Figure 1 presents the 
modelled Zn (Zn(acac)2 precursor) surface coverage profiles with varying exposure (precursor partial 
pressure x deposition time). In order to find a reasonable connection between model exposure and 
experimental dose, the model deposition time was first solved to result in 50 µm penetration depth. This 
penetration depth corresponded to 0.95 mmol/gcat dose and SEM-EDS measurement penetration depth 
of zinc oxide coatings on alumina spheres. Lastly, the model deposition time was increased at the same 
ratio as with experimental dose to predict the remaining penetration depths. 
 
Table 1, model parameters 

Al2O3 support structural parameters Zn(acac)2 precursor parameters 

Parameter Value Parameter Value 

Porosity, ε 0.2 Temperature, TP 393 K 

Tortuosity, τ 4 Precursor mass, mP 263.61 × 1.66 × 10-27 kg 

Mean pore diameter, dpore 9.2 × 10-9 m 
Maximum density of particles 
adhering to the surface, σP 

2 × 1018 m-2 

BET surface area, AO 158 m2/gcat 
Precursor density outside the 
porous material, nP (t, z = 0) 

1.84 × 1022 m-3 * 

Pore volume, VP 
5.4 × 10-7 
m3/gcat 

Sticking probability, β0 1 × 10-2 

* Determined from estimated Zn(acac)2 vapour pressure (100 Pa) 
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Model results 

Deposition time 
(seconds) 

Penetration depth (µm) 

650 50 

2600 102 

5200 149 

Experimental results 

Dose (mmol/gcat) 
SEM-EDS penetration 

depth (µm) 

0,95 50 

3,79 120 

7,59 150 
 

Figure 1, Left, modelled Zn surface coverage profiles with varying exposure. Exposure (partial pressure 
x time) having a fixed precursor partial pressure (100 Pa). Right, model deposition time (exposure) 
having the corresponding ratios with respect to the experimental dose of zinc acetylacetonate ALD 
reactant and resulting penetration depth of zinc oxide coatings inside the mesoporous alumina sphere 
particle. 

According to the results in Figure 1, the presented diffusion-reaction model, extended to spherical 
geometry (or shape factor) can be successfully used to design ALD processes for heterogeneous 
catalyst particles. This is especially useful, when designing novel catalyst compositions and structures 
for increased performance and catalyst life-time. 
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Through the development of AS-ALD technology, semiconductor manufacturing could be re-established 
as a bottom-up process. An easily accessible dielectric for ALD is Al2O3, which has advantageous 
properties compared to the natural oxide of silicon. To ensure the distinction between growth and non-
growth areas, the selective shielding of surfaces employing gas-phase applicable small molecule 
inhibitors (SMI) is of much interest. Since the inhibition of the SiO2 surface by methoxysilanes is 
spectroscopically almost inaccessible, DFT modeling has proven to be a valuable tool to unravel the 
structure of the blocking layer and the energetic aspects of its formation.  
However, the significance of the DFT results strongly depends on the suitability of the deployed surface 
model used. Based on the highly idealized ɑ-quartz model, previous studies could not satisfactorily 
explain key experimental features as the high efficiency of the trimethoxysilanes compared to the mono- 
and bifunctional silanes and the higher selectivities achievable with triethylaluminum (TEA) compared 
to trimethylaluminum (TMA). [1] 
 
By employing more appropriate amorphous silica models, this DFT modeling study investigates how 
the reactions with trimethoxypropylsilane (TMPS) leads to the formation of the blocking layer and 
explores its interaction with the Al precursors TMA and TEA and the co-reactant water. 
We show that TMPS exhibits unique bonding configurations with the amorphous system and that the 
full coverage of all silanols on the silica surface is feasible. The formation principles of the energetically 
most favorable full coverage configurations are derived. A theoretical limit for the closest packing of 
SMIs in the blocking layer is derived and evaluated regarding the permeability of Al precursors. This is 
achieved by calculating possible diffusion paths of the Al precursors undermining the blocking layer. 
Moreover, a reaction mechanism demonstrating the disintegration of the SMI-surface bond by the thus 
intruded Al precursors is described. We illustrate that the blocking layer is not inert to the Al precursors 
due to the presence of unreacted methoxy substituents and describe how the selectivity could be 
enhanced by their targeted substitution by inert alkyl groups. Furthermore, the role of the reactive bridge 
oxygen species regarding the loss of selectivity is evaluated, as well as methods for their preparatory 
removal. The work features reaction paths obtained by the nudged elastic band method and bonding 
analysis by the periodic energy decomposition analysis.      
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Vapor-Phase Synthesis and Modification of Porous Framework 
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Engineering thin films of metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) 
paves the way for fabrication of novel membrane structures, enabling separations for sustainability. 
Vapor-phase synthesis and modification of these porous framework materials avoid the swelling and 
dewetting issues that often appear in solution-based methods. In this talk, we will show vapor-phase 
processes for tuning COF pore sizes at sub-nm scale, preparing MOF thin films with controllable 
crystallinity, and constructing unique Janus film structures with MOFs and polymers. We explored 
atomic layer deposition (ALD) processes for pore engineering in two imine-based COFs. Changes in 
pore sizes were found to affect the gas adsorption behavior and the separation performance by COF 
membranes. We developed a vapor-phase synthesis method that can convert 2D nanosheets of 
hydroxy double salt into amorphous and crystallline zeolitic imidazolate framework (ZIF) thin films. Our 
amorphous mixed-metal ZIF-8 thin films possess similar composition and short-range order compared 
with the crystalline analogue, but exhibit higher separation selectivity for propylene over propane. 
Finally, we will present a strategy to obtain free-standing Janus MOF-polymer films using ALD-
templated interfacial synthesis. This Janus film structure is flexible and stretchable, and can be easily 
transferred onto functional substrates for membranes and devices.      
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Vapor-phase film deposition of metal-organic frameworks (MOFs) would facilitate the integration of 
these materials into electronic devices. We studied the vapor-phase layer-by-layer deposition of zeolitic 
imidazolate framework 8 (ZIF-8) by consecutive self-saturating reactions of diethyl zinc, water, and 2-
methyl imidazole. We developed two different methods: (1) Direct ZIF-8 ‘molecular layer deposition’ 
(MLD) employs only self-saturating reactions, resulting in smooth films that are crystalline as-deposited, 
and (2) Two-step ZIF-8 MLD, in which crystallization occurs during a post-treatment step with additional 
linker vapor. The latter approach resulted in a reduced deposition time and an improved MOF quality, 
i.e., increased crystallinity and probe molecule uptake, although the smoothness and thickness control 
were partially lost. Both approaches were developed in a modified atomic layer deposition reactor to 
ensure cleanroom compatibility. In this work, the effect of each step on the coating quality is evaluated, 
and the influence of the chemical nature of the substrate is studied. 
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Molecular Layer Deposition (MLD) is a method, similar to ALD, to deposit organic- and hybrid 
inorganic/organic films making use of organic precursors and/or co-reactants. MLD holds great potential 
for applications requiring e.g. conformal deposition of organic/hybrid films inside 3D structures, for 
example for batteries [1-3] . However, scaling up MLD can often be challenging due to the necessity of 
very long cycle times (>100 s) and resulting low deposition rates. There are several MLD examples, 
like the common alucones, where very long purge times are required to outgas precursor that has 
infiltrated in the deposited film to avoid parasitic CVD reactions during the co-reactant exposure [4]. To 
minimize the effects of precursor infiltration, and to maximize deposition rates, a detailed understanding 
of the precursor infiltration, outgassing and subsequent CVD reactions is required.  
 
For this purpose, we have studied the infiltration and outgassing kinetics of TMA in alucone films 
prepared with ethylene glycol in a Spatial ALD/MLD reactor, on both planar and 3D substrates [5,6]. By 
combining experimental data with a kinetic model, we have shown that for planar substrates, the extent 
of CVD reactions is mainly determined by the TMA dose and subsequent purge step, while being almost 
independent on the EG dose. Purge times exceeding 100 s are required to avoid CVD reactions and 
although purge times can be somewhat reduced by optimizing the TMA dose and purge gas flow, very 
long TMA purge times seem to be unavoidable to realize MLD of alucones without a CVD component. 
Using lateral high-aspect ratio trenches, we also investigated the effects of infiltration and outgassing 
on the conformality of MLD alucone films. The TMA infiltration, outgassing and parasitic CVD reactions, 
combined with diffusion limited transport of TMA out of and EG into the trenches lead to complex 
thickness profiles that have been explained using a simple diffusion-reaction model. Also in this case, 
very long purge times will be required to avoid non-conformal deposition. 
 
However, a solution to increase the deposition rate of alucone MLD can be found in using di-methyl 
aluminium isopropoxide (DMAI) instead of TMA [7]. DMAI has a much lower vapor pressure and 
reactivity as compared to TMA, but DMAI does not infiltrate in the alucone film and therefore does not 
require long purge steps to avoid CVD reactions. Though an increase in DMAI exposure time as 
compared to TMA is required to compensate for a lower reactivity, the reduction in purge time effectively 
leads to an order of magnitude higher deposition rate as compared to using TMA. Furthermore, highly 
conformal alucone films inside high aspect ratio trenches have been realized as well. Finally, we will 
show that the film composition and properties of alucone films prepared using TMA and DMAI are very 
similar. These results indicate that high deposition rate and high conformality (Spatial) MLD of alucones 
is possible when using non-infiltrating precursors such as DMAI, helping to bring the scale-up of MLD 
one step closer. 
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Lanthanide (Ln) ions possess interesting photoluminescence properties, most importantly narrow band 
emissions at well-defined spectral ranges, e.g. red emission from Eu3+ ions and green emission from 
Tb3+ ions. Then, by combining several different Ln3+ ions mixed-lanthanide compounds with white light 
emission can be designed and synthesized. However, ALD-grown lanthanide oxide films are typically 
non-luminescent due to so-called concentration quenching effect. Our strategy to avoid this 
concentration quenching effect is to increase the Ln-Ln distances by separating the emissive Ln3+ ions 
by organic linkers. Indeed, we have realized interesting luminescence properties for various ALD/MLD-
grown Ln-organic thin films. [1] Moreover, thanks to the organic components these films are 
mechanically flexible. [2] 
 
White-light emitting materials are increasingly demanded for applications such as back light sources of 
displays to solar concentrators, biomedical imaging and photodynamic therapy. [3] Here we 
demonstrate warm white light emission for our ALD/MLD films grown using 1,4-benzene dicarboxylic 
acid (BDC) as the organic linker, in combination with Er3+, Eu3+, and Tb3+ ions. Moreover, the 
emission can be further enhanced by adding La3+ as seen in (Fig. 1a). (Fig. 1b) shows the comparison 
of the thus achieved light color with the colors coming from commercial fluorescent tube, incandescent 
bulb and LED lamp. 
 
While the Ln-BDC films yield the desired warm white light emission, the absorption band (excitation 
range) is very narrow (centered around 250 nm) which limits their application potential. To tailor the 
absorption characteristics of our Ln-organic films we have investigated several different organic 
precursors. The absorption band can be shifted towards the higher wave-lengths by adding substituents 
to the benzene ring of the BDC backbone  [4]; however, such films grown with 2,5-dihydroxy terephthalic 
acid and 2-amino terephthalic acid, turned out to be rough and non-homogenous, and not to show 
luminescence. 
 
On the other hand, promising results were obtained for various nitrogen-containing aromatic organic 
molecules: nicotinic acid (NTA), 2,3-pyrazine dicarboxylic acid (PZC), uracil (URC), cytosine (CYS), 
and cyanuric acid (CUA). The newly developed ALD/MLD processes with these organic molecules 
yielded visually smooth and homogeneous Ln-organic films, showing intense luminescence. Most 
importantly, with these novel organic components it is now possible to cover a wide UV 
absorption/excitation range, up to ca. 380 nm, thus widening the potential application range. All the 
ALD/MLD processes reported here work in a relatively wide deposition temperature range, from 160 to 
250 °C, and yield high quality films even on sensitive substrates such as polymers. 
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(Fig. 1) (a) Emission spectra of warm white emission of (La, Er, Tb, Eu)-TP samples showing peaks 
resembling transitions of Tb3+ and Eu3+. (b) Location of our ALD/MLD-grown white-light emitting thin 
film (purple circle) on the CIE 1931 color map, in comparison to commercial fluorescent lamp (Fluor.), 
incandescent lamp (Inc.) and LED lamp (LED). (c) Excitation spectra for our ALD/MLD Eu-organic thin 
films grown on silicon from different organic precursors. (d) Uv-vis absorption spectra of the ALD/MLD 
Eu-organic thin films from samples deposited on quartz glass 
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Thermoelectric (TE) devices have attracted great interest in waste heat recovery and solar heat 
utilization. Most ongoing research focuses on inorganic TEs for their high Seebeck coefficient (S) and 
electrical conductivity (σ). Their drawbacks are their low conversion efficiency, toxicity, and their high 
cost, which are serious obstacles for their broad use. Less attention has been paid to organic TEs, 
mainly because of their limited range of operating temperatures. The figure-of-merit (FoM) of organic 
TEs is usually 2-3 orders of magnitude lower than that of inorganic ones, due to their low S, σ, and, 
consequently, power factor (PF). However, organic materials have some key benefits over inorganic 
materials, including their low density, low cost, and low thermal conductivity. Very recently, hybrid 
organic-inorganic materials have been considered as promising candidates for exceptionally good TE 
materials as they opt for outperforming traditional TEs by combining the low thermal conductivity of 
organic materials with the high S and σ of inorganic materials. With the ability to offer flexible, 
inexpensive, and scalable energy conversion, hybrid materials are an unavoidable future perspective 
of TE technology. Still, currently available hybrid TE materials have serious limitations: 1) the dominantly 
physical interactions between the organic and inorganic phases reduce their long-term stability and 
greatly restrict the carrier transport in hybrid TE materials, 2) limited control of the distribution of the 
organic/inorganic phases at the nanoscale makes enhancement of phonon scattering in hybrid TE 
materials difficult. To advance these materials and overcome the challenges, in this work we are 
introducing revolutionary new hybrid TE materials by applying vapor phase infiltration (VPI) process to 
polymers. 
VPI derives from atomic layer deposition (ALD) and bases on the same technology but is applied to 
polymeric substrates where the precursors not only bind to the surface, but also diffuse into the polymer 
through a vapor– solid dissolution process. In this way an inorganic–organic hybrid material is 
generated in the subsurface area of the polymer. The depth of this infiltrated area can be modified by 
changing the exposure times, but it also can vary in dependence on the diffusivity of the precursors 
inside the polymer. These key differences make VPI a unique technique for polymer 
modification/hybridization. 
In the present work we created a new hybrid material set with covalently bound organic/inorganic 
interfaces by inclusion of high-performance inorganic TE hierarchical superlattice materials – various 
sulfides and tellurides into bulk of a set of semi-conducting polymers by VPI. For monitoring the 
hybridization process in-situ, a Quartz Crystal Microbalance (QCM) was integrated into the reactor for 
TE material synthesis. The in-situ monitoring allowed studying the saturation behavior of the VPI 
process and quantitatively controlling the loading of inorganic precursors into a polymer, thus providing 
precise control and an extra degree of flexibility for tuning the material properties. Ex-situ techniques 
was employed to characterize the PF of each material upon various stages of infiltration: sheet 
resistances were measured with four point probe measurements using the van-der-Pauw method and 
film thicknesses by cross-sectional SEM. The electrical conductivity was extracted from the sheet 
resistance and the thickness measurements.High resolution transmission electron microscopy 
(HRTEM) and X-ray photoelectron spectroscopy (XPS) results showed that VPI provides a great degree 
of control on the inorganic phase distribution and overall composition of VPI-generated materials by 
tuning the process parameters such as temperature, penetrant pressure, and exposure time. The 
obtained results offer new solutions for the waste-to-energy industry.  
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NOx (NO + NO2) pollution is a major cause of poor health, and has a range of detrimental environmental 
consequences [1]. One promising solution to remedy NOx pollution is to use the photocatalytic material, 
TiO2, which can use ambient sunlight to oxidise this toxin into comparatively benign nitrate (NO3

-) [2]. 
Photocatalytic coatings of TiO2 are mass produced on window glass using chemical vapour deposition 
(CVD), but currently show nominal activities towards NOx remediation [3].  
 
In this work, we employed both atmospheric pressure CVD (AP-CVD) and aerosol-assisted CVD (AA-
CVD) to produce more than 100 unique TiO2 coatings on window glass. We systematically studied how 
the process parameters influenced their photocatalytic activity for remediating NOx pollution. A range of 
process parameters were explored, including the chemical precursor used (titanium ethoxide, titanium 
isopropoxide, titanium n-butoxide), deposition temperature (350 to 600 °C) and bubbler temperature 
(100 to 220 °C), reaction time, co-oxidant (methanol, ethanol, isopropanol) and solvent (methanol, 
ethanol, isopropanol and toluene). The coatings produced showed wide ranging physicochemical 
properties, including differences in phase composition (anatase/ anatase: rutile composite), preferred 
orientation of crystal growth, average crystallite size, surface roughness, optical bandgap energy, 
average visible light transmission, charge carrier generation and charge carrier lifetime. Their 
photocatalytic activity towards NO gas was measured using a similar protocol to those stated in the 
International Organisation for Standardisation test (ISO 22197-1:2016) [4]. 
 
Our findings showed that a TiO2 coating produced by AP-CVD with the precursor titanium ethoxide was 
the most photocatalytically active, showing an average NO conversion rate of 22.7% that was ~85 times 
more active than a commercial self-cleaning window. The links between the process parameters, 
physicochemical properties and photocatalytic activity of these >100 TiO2 coatings were explored in 
depth. Clear trends were seen between the processing parameters and the physicochemical properties 
and photocatalytic activity (Fig. 1a). Also, the use of a simple linear combination model showed that the 
three most influential physicochemical properties on the photocatalytic activity were surface roughness, 
charge carrier generation and charge carrier lifetime (Fig. 1b). We therefore conclude that these 
physicochemical properties be targeted in the rational design of more active coatings for applications 
in photocatalytic NOx remediation. 
 
 

  
Figure 1: (a) An example bar chart to demonstrate the influence of reaction temperature and solvent 
used on the photocatalytic NO removal activity (%) for TiO2 coatings produced by AA-CVD; error bars 
show 90% confidence intervals. (b) A normalised 4D scatter chart showing how the physicochemical 
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properties of surface roughness, charge carrier generation and charge carrier lifetime influence the 
photocatalytic NO removal activity (symbol colours). 
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Atomic layer deposition (ALD) has become a powerful tool for catalyst research, benefiting from its 
atomically precise control and having less contamination issues than typical liquid-phase methods [1]. It 
has been used to elucidate the reaction mechanisms of various reactions by tuning the catalysts size, 
composition, nanostructure and active sites to reveal more insights into catalyst application aspect (e.g., 
catalyst protection and large-scale production)[2]. For instance, in our group, we used ALD to synthesize 
bimetallic catalysts (with core-shell and alloy morphologies), supported on a conductive substrate for CO2 
reduction. We demonstrated that using ALD to tailor the nanostructure of the catalyst enables tuning the 
catalyst selectivity[3]. Here, we show the potential of atomic layer deposited SiO2 to protect Pt 
electrocatalysts for water electrolysis. 

Hydrogen as a clean renewable energy carrier and a crucial feedstock for the chemical industry is 
considered an important building block for the energy transition[4]. Platinum is one of the most effective 
electrocatalysts for water reduction to hydrogen as well as for hydrogen oxidation and is widely used in the 
PEM electrolyzers and fuel cells. To deploy platinum based electrocatalysts in a cost-effective manner, it is 
crucial to protect the platinum catalyst from degradation and prolong its lifetime. 

Here, we have applied an atomic layer deposited SiO2 coating on the surface of platinum electrocatalysts 
to improve its durability. TEM, XPS, SEM-EDS mapping were used to characterize the catalyst and revealed 
the uniform deposition of SiO2 on the surface of Pt nanoparticles. Linear sweep voltammetry (LSV), cyclic 
voltammetry (CV), and accelerated durability tests were applied to study the stability of the catalyst. We 
found that after 1000 cycles of CV scans in the water reduction potential range, the current density at -0.2 
V vs. reversible hydrogen electrode (RHE) of the original catalyst was reduced by 34%. By contrast, after 
applying 2 cycles of SiO2 ALD, the current density at the same voltage was reduced by only 7.3% after 
applying the same test procedure. After applying 5 cycles of SiO2 ALD, the catalyst current density was 
only reduced by 1.9% after the accelerated durability test. Nevertheless, after applying 20 cycles of SiO2 
ALD, the activity of the Pt catalysts was inhibited by 64% compared with the unprotected catalyst. And the 
activity of the catalysts was partially restored after the accelerated durability test. The particle size of the 
unprotected catalyst (showed by TEM) increased by 16% after 1000 cycles CV scans, whereas it only 
increased by 1.6% after 1000 cycles scans protected by 5 cycles of SiO2 ALD. Low-energy ion scattering 
(LEIS) will be used to reveal the deposition orientation between the Pt metal particles and the carbon black 
substrate. 

Figure 1: SEM and EDS characterization of the Pt catalyst with SiO2 coating 
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Figure 2: Linear sweep voltammetry tests of the Pt catalyst before and after accelerated stability tests 
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The increase in concentration of CO2 in the atmosphere continues to be an alarming environmental 
concern. Electrocatalytic reduction of CO2 (CO2RR) is a promising strategy that uses electrical energy 
to convert CO2 to a range of carbon-based useful chemical products. Formate (HCOOH) is one of those 
products with great potential as a hydrogen carrier and as a precursor to produce industrially-relevant 
chemicals. In the quest to replace noble metal Pd electrocatalysts for formate production, researchers 
have identified In, Sn and Bi compounds as promising alternative candidates.[1] It is known that material 
properties such as crystallinity, surface chemical composition and surface morphology greatly impact 
electrocatalytic performance. Here, we explored thermal and plasma-enhanced atomic layer deposition 
(PE-ALD) to control these properties of SnS2 and In2S3 films and evaluate their impact on CO2RR. 
 
Thin films of tin sulfide and indium sulfide have been deposited via thermal ALD using H2S in 
combination with tetrakis(dimethylamido)tin (TDMASn) and indium acetylacetonate (In(acac)3) 
respectively.[2][3] Inspired by several reports illustrating the significant influence of using plasma on the 
ALD growth characteristics and material properties of sulfides,[4][5] we employed H2S plasma as the 
reactant in this work. The PE-ALD process for In2S3 using In(acac)3 and H2S plasma exhibits a growth 
per cycle of 0.36-0.14 Å/cycle in the temperature range of 145-260 °C. X-ray diffraction analysis reveals 
a tetragonal In2S3 phase in the whole temperature range. (Fig. 1) The surface morphology of the In2S3 
films is identified to be rough with continuous crystallite structures. (Fig. 2) 
 
The PE-ALD process for SnS2 exhibits steady growth with a growth per cycle of 1.07-0.9 Å/cycle after 
a short incubation period in a temperature range of 80-180 °C. (Fig. 3) In comparison to the thermal 
ALD process which deposits amorphous SnS2 thin films at 80°C and a mixture of SnS and SnS2 phases 
at 180°C, the PE-ALD process deposits crystalline SnS2 with strong c-axis oriented growth and most of 
the basal planes aligned parallel to the substrate in the temperature range of 80-180°C. (Fig. 4) 
Additionally, a transition in morphology from grain-like structures (30-50 nm) to out-of-plane oriented 
structures is found for SnS2 deposited by PE-ALD at 80°C and 180°C, respectively. 
 
To evaluate the sulfide thin films for CO2RR, electrodes are prepared by applying thermal or PE-ALD 
directly on carbon gas diffusion electrodes (GDEs). Also on this substrate, the different ALD process 
conditions lead to differences in surface morphology, where the PE-ALD deposition of SnS2 yields out-
of-plane oriented structures at 180°C and continuous grains at 80°C whereas the  thermal ALD process 
deposits amorphous SnS2 films at 80°C. (Fig. 5(a-c)) The electrodes are evaluated in a flow-by reactor 
at 100 mA cm-2 with 0.5 M KHCO3 as catholyte and 2.0 M KOH as anolyte. While CO2RR experiments 
with In2S3 are ongoing, a comparison of the SnS2 electrodes reveals that SnS2 with out-of-plane oriented 
structures outperforms the other two SnS2 morphologies in terms of its lower overpotential (i.e. 260 mV 
less negative) and maintaining structural stability even though its initial faradaic efficiency towards 
formate is lower (i.e. 64% vs. 80%). (Fig. 6,7) This result confirms the importance of optimizing the 
surface morphology for CO2RR electrocatalysts. 
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Fig. (1) XRD patterns of the In2S3 films grown by the PE-ALD process at 180 °C. Fig. (2) Top-view SEM 
image of In2S3 film deposited by the PE-ALD process at 180 °C. Fig. (3) Thickness against the number 
of ALD cycles for the PE-ALD process and the thermal ALD process at 80 °C and 180 °C.  Fig. (4) XRD 
patterns of the SnSx films grown by the PE-ALD and thermal ALD processes at 80 °C and 180 °C. Fig 
(5) Top-view SEM image of SnS2 film deposited on gas diffusion electrode by the (a) PE-ALD process 
at 180 °C (b) PE-ALD process at 80°C , and (c) thermal ALD process at 80°C. CO2RR results for SnS2 
films showing Faradaic efficiencies for formate [Fig. (6)]  while measuring potentials [Fig. (7)] over six 
hours. 
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Lithium iron phosphate (LiFePO4) is an excellent cathode material for Li-ion batteries (LIBs) because it 
is extremely safe, thermally stable and low cost. Nevertheless, the electronic conductivity is poor and 
the diffusion coefficient is slow, which limit the development for high power devices. Hence, there is a 
lot of space for research to explore ways for the improvement of material’s performance.  
 
There are reports on the growth of LiFePO4 thin film deposition including pulsed laser deposition, radio 
frequency magnetron sputtering, sol-gel, drop casting. The majority of these methods require high 
processing cost and annealing temperatures (i.e. ≥ 500 oC). In this work, a simple multiple-pass 
deposition technique will be utilized in which the spray-gun will be moved across the substrate creating 
a “wet film”, which – after thermal annealing at very mild temperatures (i.e. 65 oC) – cathode materials 
will be formed on carbon component. Carbon component is chosen as a substrate because it is 
expected to act as a support for uniformly anchoring LiFePO4 thin film increasing its stability. In that 
perspective, graphite is a suitable material because of its mixed electron-ion conductivity and structural 
stability. The best performing combination of electrode-electrolyte through the selective use of electrode 
and electrolyte materials will be evaluated. 
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As the semiconductor industry is shifting from finFET to nanosheet technology for the 3 nm and 2 nm 

generations new challenges are arising for several modules which include new material and process 

development. The key benefit that nanosheets bring for further CMOS scaling is the larger drive current 

per footprint compared to finFETs. In the ultimate 2D configuration the n- and p- type device separation, 

defined in the horizontal plane, is reduced by introducing a dielectric wall in between which brings along 

different gap-fill requirements. New architectures such as Complementary FET are defining the n- and 

p-type device separation in the vertical plane by introducing different isolation layers1. CFET consists 

of a very complex vertical integration that require new approaches for patterning, gap-fill and spacer 

depositions, and source/drain contact. This new technology is challenging existing dielectric spacers 

and gap-fill processes due to the high aspect ratio structures 

involved which can go up to AR ~15. Thin film deposition is 

relying in more advanced ALD and flowable-type of processes 

to provide with highly conformal, high-quality materials 

including lateral gap-fill capability up to 300 nm horizontal 

reach and also low temperature budgets. Dielectric depositions 

need to provide with a wide portfolio of functional materials 

which need to be thin enough to fit in narrow trenches down to 

~12 nm and still provide with the necessary etch selectivity. In 

memory technology such as DRAM2, architectures are also 

adding the third dimension to continue the scaling which brings 

together challenges that industry is now tackling to find 

effective solutions such as advanced ALD and area selective 

deposition (ASD). Here we cover the aspects of dielectric gap-

fill material needs and process challenges for future CFET1, 

3D-DRAM and 3D heterogeneous integration technologies. 
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Thin films of materials are critical components for most areas of sustainable technologies, making thin 
film techniques, such as chemical vapor deposition (CVD), instrumental for a sustainable future. It is, 
therefore, of great importance to critically consider the sustainability aspects of CVD processes 
themselves used to make thin films for sustainable technologies. Recently [1], we point to several 
common practices in CVD that are not sustainable. From these, we offer a perspective on several 
principles for a sustainable “Green CVD” philosophy, which we hope will spur research on how to make 
CVD more sustainable without affecting the properties of the deposited film. We hope that these 
principles can be developed by the research community over time and be used to establish research 
on how to make CVD more sustainable and that a Green CVD philosophy can develop new research 
directions for both precursor and reactor design to reduce the precursor and energy consumption in 
CVD processes. 
 
The total US$16-17 billion 2022 annual market for CVD processing equipment has a high forecasted 
growth rate (5-Year CAGR >8%, FIG.1) due to expansions in the global semiconductor and 
microelectronics industry. Especially high continued growth is expected for: 
 

• Atomic Layer Deposition (ALD) needed for leading edge Processors and Memory (DRAM, 
3DNAND flash) 

• CVD of GaN and SiC for continued electrification and automotive applications (RF, Power 
Electronics) 

   
Given the essential role of CVD methods for a circular economy and a sustainable society—in the 
production of the electronic devices needed for electric vehicles, energy storage in the form of lithium–
ion batteries, energy-efficient lighting and communication, and solar cells, further development is 
required toward achieving more energy- and molecule-efficient processes. To do so, the full lifecycle of 
processes and products must be considered. Combined with the European industrial sustainability acts, 
Suschem [3] and Manufuture [4] focusing on the sustainable use of chemicals and sustainable 
manufacturing, respectively, and as stated above, in accordance with the UN Sustainability Goals, more 
sustainable CVD processes need to be developed. This need has recently been highlighted by the 
general finding that energy consumption and greenhouse gas emissions per 300 mm wafer for CMOS 
fabrication—and the included CVD processing steps in particular—increase with a decreasing node 
size. [5] Going from the 28 nm technology in 2011,6 typically in use at the event of smartphones and 
tablets, both energy consumption and greenhouse gas emission will more than double be going to the 
2 nm node that is scheduled for high volume production at 2024 for 5G, AI, Autonomous driving 
electronics, and any type of high-end products such as laptops, phones, and internet servers. 
 
Given the developing global energy crisis triggered by several geopolitical events, Europe has been hit 
extra hard with soaring energy costs and an immediate impact on the supply chain of energy fuels and 
industrial chemicals, which has put energy savings immediately on the short-term political agenda. All 
CVD processes use elevated temperatures. Some CVD processes for amorphous or polycrystalline 
films operate at a few hundred degrees Celsius, while epitaxial growth (e.g. Si, SiGe, GaN, SiC) of 
single-crystalline films, needed for some devices, use 1000−1500 °C. A reduction of the thermal budget 
in a CVD reactor is the obvious way to reduce energy consumption. From a Green CVD perspective, 
the question is then how to reduce the thermal budget of the CVD reactor without also altering the 
performance of the CVD process and how to use the excess heat generated from CVD equipment. 
 
We appreciate that industry is reluctant to change established precursors and CVD processes that have 
been successfully brought into high volume production. Hence, the research area of Green CVD should 
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strive to make a given CVD process more sustainable without causing negative effects on the 
performance of the deposited film. Ideally, Green CVD should not affect the price of the CVD processing 
step either. It is very reasonable to expect that the demands for more sustainable production will 
increase and with that a need for more sustainable CVD. As in other research, a strong collaboration 
between industry and academia will strengthen the Green CVD development effort. 
 

 
 

FIG. 1. CVD and ALD equipment market size and segmentation in 2022, US$16–$17 billion annual 
revenue and a forecasted 5-Year CAGR >8% as estimated by TECHCET CA LLC. [2] 
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Atomic layer deposition (ALD) and its organic counterpart, molecular layer deposition (MLD), are 
incredibly powerful and flexible tools for designing completely new materials with novel and unique 
properties. The low temperature layer-by-layer approach and the use of highly reactive reactants allows 
one to combine vastly different organic and inorganic species and construct nanostructures with 
subnanometer precission. The possibilities are endless had we not been limited by the volatility of the 
precursors/molecules/reactants. This is most notable when using organic molecules as building blocks, 
since it severely limits the toolbox for available large molecules with interesting optical and electrical 
properties such as red-ox activity and optical conversion. In this work, we have investigated different 
strategies for molecular design of large molecules that allow vaporization while still having the 
necessary reactivity for ALD/MLD growth. Using these strategies, we succesfully achieve film growth 
with porphyrin and perylene derivatives, both molecules well known for their functional and optical 
properties. With this knowledge, we open for including much larger and more complex organic 
molecules into the world of vapor phase chemistry. 
 
From a selection of porphyrin, perylene and other dye classes, we find that several dye classes either 
are suited for MLD or can be designed to be suited with special considerations. Figure 1 shows four 
successful MLD depositions using the pictured dye molecules and aluminium (film 1+3) and lanthanide 
(film 2+4) precursors. Successful MLD using such dyes opens up for another mechanism for tuning the 
dyes properties: In particular for perylene dyes the functional properties of the molecule is altered if the 
central oxygen is replaced by nitrogen on either end, a modification that is readily achieved by reacting 
the perylene acid anhydride with an amine. This way, perylene acid anhydrides can readily be turned 
into perylene diimides which are highly luminescent. MLD allows for readily available deposition of 
perylene acid anhydrides, diimides and even unsymmetrical mono-imides by adding amine groups 
either in-situ or pre-deposition to the perylene before reaction with metal precursors, or by reacting the 
perylene acid anhydride directly with the metal precursor. This way of readily obtaining different 
symmetrical or unsymmetrical perylene molecules in hybrid structures from the same starting perylene 
is unprecedent. Examples of four different perylene based hybrid films are shown in Figure 2, including 
two that show different optical properties if an amino acid is included in the reaction pathway or not. 
 
Porphyrin dyes where more challenging, as commercially available reactive dyes containing -OH or -
COOH groups rapidly degraded at temperatures high enough for sublimation. With the success from 
perylene depositions, we designed two new porphyrins with acid anhydride reactive groups and bulky 
alkyl chains to limit intermolecular packing efficiency. This decreased sublimation temperatures of about 
100 °C compared to carboxylic acid porphyrins and resulted in partially successful MLD depositions. 
General strategies for such drastic decrease in sublimation temperature while maintaining reactivity will 
be discussed. 
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Figure 1: UV-Vis transmission spectra of silica substrates and photos of samples coated with MLD thin films of four 
different classes of strongly coloured dye molecules. 

 
 
 

 
Figure 2: Photos of four different MLD film grown using perylene dyes and different reaction pathways, showing 
the possibility to obtain different optical properties. 
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Reaching the full potential of the 5th generation of mobile telecommunications (5G) and the 
miniaturization of components require the development and improvement of thin piezoelectric layers 
present in high-frequency radio frequency (RF) acoustic filters. The bulk acoustic wave (BAW) filters 
are currently made of aluminum nitride films with a bandwidth limited at high frequencies by a low 
electromechanical coupling coefficient. [1] Single crystals of lithium niobate (LiNbO3) and lithium 
tantalate represent around 70% of the piezoelectric materials used in the RF filters, based on surface 
acoustic waves, but their thin-film growth faces problems of composition homogeneity and Li:Nb 
stoichiometry. [2] Currently, thin films of LiNbO3 or LiTaO3 are elaborated from the single crystal wafers 
by bonding, ion slicing or polishing processes, which are limited by imperfect thickness control. 
Therefore, current research on the development of LiNbO3 piezoelectric thin films for high frequency 
acoustic devices is oriented towards their elaboration by vapor phase deposition processes such as 
MOCVD. One of the major difficulties of these techniques is the control of the Li-Nb stoichiometry 
because lithium oxide is volatile, and film composition is highly dependent not only on the deposition 
conditions but also on the film orientation and thickness. This motivates a development new molecular 
precursors in which Li is already bonded to Nb and thus, limiting Li2O loss during the film growth.  
 
Our presentation will address new Li and Li-Nb precursors (Single source precursor or SSP) and their 
use in DLI-CVD applicable on an eventual industrial scale. A series of functional aminoalkoxide have 
been studied because of volatility compatible with the DLI-CVD and their ability to saturate the 
coordination sphere by chelation. For example, reacting the new homometallic [Li(dmem)]6  precursor 
[dmemH = 2-{[2-(Dimethylamino)ethyl]methylamino}ethanol] with [Nb(OEt)5]2 led to an  original 
heterometallic [LiNbO(OEt)3(dmem)]2 derivative (Fig. 1) with the right stoichiometry for LiNbO3. 
 
All precursors were fully characterized using multinuclear NMR, FTIR, single crystal XRD and TGA in 
order to determine their structures and applicability in DLI-MOCVD process. Selected precursors have 
been used for LiNbO3 thin films elaboration by DLI-MOCVD. 
 
 

 
 

Figure 1: Synthesis of the [LiNbO(OEt)3(dmem)]2 precursor. 
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The choice of proper molecular precursors is crucial to the performance of vapor phase deposition 
methods, including chemical vapor deposition (CVD) and atomic layer deposition (ALD), for the 
manufacture of functional thin films used in a variety of applications. [1] Alkaline-earth (AE) metalorganic 
precursors have proven to be the most intriguing and challenging to deal with since their large ionic 
radii require a customized coordination sphere to produce suitable thermal characteristics. Actually, the 
employment of AE precursors in the deposition of fluoride films has sparked even greater interest in 
them. [2,3] Magnesium fluoride (MgF2), for example, stands out among the AE metal difluorides 
because of its intrinsic properties (low refractive index, hardness, durability, etc.) that are well suited 
even for hostile environments. These characteristics make it an excellent candidate among the UV 
transparent materials. [4,5]  
It is well-known that the quality of the films produced with CVD or ALD approaches are strongly 
influenced by the chemical nature and structural design of the metalorganic precursors employed. Even 
more demanding, in terms of precursor thermal properties, is the spatial ALD (SALD), a variant of of 
the ALD method, which is being developed over the last 15 years. The main advantage of SALD is a 
faster deposition rate than conventional ALD, even at atmospheric pressure.. [6,7]  Since the precursors 
used for atmospheric pressure (AP) processes should have a high volatility, the thermal requirements 
for precursors become even more strict. To have a reference point on whether a certain precursor is 
suitable for use in AP-vapor phase procedures, it is essential to optimize a simple method for evaluating 
the vapor pressures of complexes.  
Hence, we propose a straightforward and efficient method for determining the vapor pressures of β-
diketonate fluorinated compounds, focusing on the so-called "second generation" β-diketonate 
fluorinated complex, the [Mg(hfa)2● 2H2O● 2diglyme] Hhfa=1,1,1,5,5,5-hexafluoro-2,4-pentanedione 
and diglyme=bis-2-methoxyethyl-ether), [Mg(hfa)2● 2H2O● 2diglyme] adduct. The coordination sphere 
of the central metal ion is fully saturated by the presence of a number of anionic ligands necessary to 
neutralize the charge of the Mg ion and the addition of neutral ligands such as polyether which prevents 
oligomerization and water-coordination processes, thereby enhancing thermal stability. [8] For these 
reasons, it has been employed in MOCVD methods under low pressure conditions, [9] and because of 
its superior thermal properties this "second-generation" precursor should also suitable for ALD 
approaches. We fully investigate the possibilities of applying the Langmuir equation for the direct 
estimation of vapor pressure and enthalpy of vaporization of such metalorganic precursor starting from 
the experimental data of the thermogravimetric studies. This approach may be used to easily determine 
vapor pressures of complexes and thus evaluate “a priori” the suitability of a compound as precursor 
for AP-MOCVD and/or spatial ALD (SALD). [10] 
The [Mg(hfa)2● 2H2O● 2diglyme] adduct has been successfully tested for the first time employing 
atmospheric pressure processes such AP-MOCVD and SCVD to produce nanostructured MgF2 thin 
films on silicon substrates. An added value of this precursor is its single-source nature, since it 
represents a source of Mg and also of F, thus avoiding the use of an external fluorine source. 
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Fig. 1. Scheme of the [Mg(hfa)2∙2H2O]∙2diglyme (a) and TGA curve plot (b). 
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Halide perovskites are compounds with remarkable properties that can deliver breakthroughs in multiple 
applications provided certain challenges can be resolved. Halide perovskites are ABX3 type compounds 
with perovskite crystal structure and are most well-known for the unprecedentedly rapid development 
of perovskite solar cell efficiencies but also for their stability and scalability concerns. Photovoltaics is 
indeed the largest application of halide perovskites (65% in 2022 by publication volume), but the share 
of light emission, sensing, and microelectronic applications is significant and increasing (31 %). In these 
applications, the performance of halide perovskite laboratory devices exceeds that of the state-of-the-
art devices. However, the poor stability and scalability of halide perovskites impede their practical use. 
The scalability issue is the primary focus of our work and is, in short, the challenge of preparing halide 
perovskite thin films on large areas and in large batches while maintaining the economic feasibility and 
quality necessary for cutting-edge performance. 
 
We have advocated ALD as a solution for the scalability issue, but the idea is met with scepticism first 
based on the lack of ALD processes for halide perovskites and second, on the slowness and high cost 
of ALD. In recent years, we have developed ALD processes for binary iodides PbI2 and CsI as well as 
a process for CsPbI3 halide perovskite to demonstrate that these can be made with ALD.[1-2] A new 
wave of scepticism ensued speculating that it is not economically feasible to use ALD for a thick 
absorber layer in the solar cell. However, critics have not provided any definite values. 
 
To objectively assess the outcomes of our work, we performed a cost analysis using a model described 
by Chang et al.[3] The model implements the Monte Carlo uncertainty approach, and the authors used 
it to evaluate the cost-effectiveness of ALD for heterojunction Si solar cells. We related the results of our 
cost analysis to the field of photovoltaics. Solar cells are high-volume, low-value products and, as such, 
represent the harshest application for evaluating the cost-effectiveness of ALD. From literature data and 
industrial reports, we deduced that the absorber cost must be in the range of 3 – 7 USD¢/W to be 
seriously considered. The cost analysis reveals that the criticism we received is justified, as a 400 nm 
absorber layer made with our CsPbI3 process would cost 13.8 ¢/W (median). 
 
The cost analysis result might seem disappointing, but it provides us with a useful reference point and 
enables further development. We identified bottlenecks in the existing process and developed solutions 
to overcome them. The CsPbI3 process consists of CsI film deposition and PbI2 deposition on top of 
CsI. PbI2 reacts with CsI as it is being deposited, forming CsPbI3. The deposition temperature of PbI2 
is chosen such that CsPbI3 is stable, but PbI2 is volatile, which conveniently avoids the deposition of 
any PbI2 excess. The growth per cycle (GPC) of CsI is 3.3 Å, a large value for ALD, enabled by the 
deposition during both half-cycles (DBH), a unique feature of halide processes that rely on metal halides 
as precursors.4 The PbI2 deposition turns to be the bottleneck with a GPC of 0.14 Å. The PbI2 process 
also benefits from the DBH mechanism, but PbI2 is a 2D material with inert basal planes that retard 
growth and significantly decrease GPC. 
 
We explored several alternatives to the PbI2 ALD process. One example is the replacement of the 
second PbI2 ALD step with a pulsed CVD (p-CVD) step. This approach allows the retention of uniformity 
and conformality from the first ALD step and increases the effective GPC to 1.5 Å bringing the cost 
down to 6.9 ¢/W, within the reasonable cost range. We believe that further study and optimization can 
increase the GPC and decrease the cost even more. 
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Figure 1. The cost breakdown for a 400 nm CsPbI3 absorber layer deposited using the published two-
step process and for a new process that substitutes the latter ALD step with p-CVD. For each cost 
component, the height is the median price, whereas the error bars represent the 10th and 90th 
percentile values of the cost component and represent uncertainty. The cost components are offset to 
prevent error bar overlap. 

 

 

Figure 2. A halide perovskite film deposited on 5x5 cm soda lime glass substrate using the new ALD - 
p-CVD process scheme. 
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Alkali niobate (MNbO3, M = Li, Na, K) functional materials are of great interest due to their high 
technological potentials, e.g., in photonics (LiNbO3) [1], in dielectrics (e.g., NaNbO3) [2], and in 
piezoelectrics/ferroelectrics (KNbO3, K1−xNaxNbO3) [3]. Lithium niobate has been referred to as the 
“silicon of photonics” due to its exceptional optical properties. The interest in MNbO3 has also been 
boosted by the need to look for lead-free piezoelectric materials due to the restriction of the European 
community on the use of PZT [(PbZr)TiO3]. Nevertheless, applications for quantum photonics, surface 
acoustic wave devices, ferroelectric based devices etc. require the availability of MNbO3 in thin film 
form.  
To this aim various techniques have been applied such as capillary liquid epitaxial technique, RF-
magnetron sputtering, spin-coating and metal–organic chemical vapour deposition (MOCVD). 
Very few alkali precursors are known for vapour phase processes, either MOCVD or atomic layer 
deposition. 
A very critical issue in the synthesis of an alkali metal complex is the large ionic radius of the cation, 
which requires high coordination numbers. In fact, except for Li+, all the alkali metal ions from Na+ to 
Cs+ have an ionic radius larger than 1 Å, independently from the coordination number. 
 In this context, we focused our attention on the synthesis of new alkali precursors suitable for the 
growth of alkali niobate thin films. We report on the synthesis of novel lithium, sodium and potassium 
complexes of the type “M(hfa)•glyme”, [Hhfa=1,1,1,5,5,5-hexafluoro-2,4-pentanedione, 
glyme=monoglyme (1,2-dimethoxyethane), diglyme (bis(2-methoxyethyl)ether), triglyme (2,5,8,11-
tetraoxadodecane) and tetraglyme (2,5,8,11,14-pentaoxapentadecane)], with glymes performing like 
crown ethers in terms of coordinating/solvating ions, i. e. in terms of chelating properties. 
Single-crystal X-ray diffraction studies enabled the identification of fascinating metal coordination 
framework for all the three ions. In particular, for the lithium ion a very complex structure was found with 
the asymmetric unit formed by [Li6(hfa)6•0.5monoglyme] with two water molecules coordinated, to give 
a structure of [Li12(hfa)12•monoglyme•4H2O]n (Fig. 1a), while the diglyme adduct shows a dimeric unit 
[Li2(hfa)2•diglyme•H2O], where both lithium ions are five-coordinated [4]. 
In the case of sodium, the single-crystal studies evidence the formation of the ionic oligomeric structure 
[Na4(hfa)6]2−•2[Na(diglyme2]+ when the diglyme is coordinated, while a mononuclear seven-coordinated 
complex Na(hfa)•tetraglyme is formed with the tetraglyme. Reaction with the monoglyme does not 
occur, and the unadducted polymeric structure [Na(hfa)]n forms, while the triglyme gives rise to a liquid 
adduct, Na(hfa)•triglyme•H2O [5]. 
In all the three investigated potassium complexes (with monoglyme, diglyme and tetraglyme), due to 
the presence of bridging µ2 and µ3 oxygen atoms, 1D polymers are formed. The compound of potassium 
with tetraglyme crystallizes giving an asymmetric unit which contains the [K4(hfa)4•tetraglyme] cluster 
(Fig.1b) [6]. 
Glymes play a crucial role in stabilizing complexes of alkali metals, analogously to what previously 
observed for alkaline-earth, transition and rare-earth metals through oxygen-ion complexation. In regard 
to their thermal properties, the novel alkali adducts are thermally stable enough to be applied in a 
conventional MOCVD process, but due to their excellent solubility, they perform better in liquid assisted 
MOCVD processes.  
Preliminary studies have validated these precursors for the deposition of niobate films. Specifically, the 
[Li12(hfa)12•monoglyme•4H2O]n and the [K4(hfa)4•tetraglyme] adducts have been applied to the 
deposition of LiNbO3 and KNbO3 , respectively, through liquid delivery MOCVD. The X-ray diffraction 
(XRD) pattern of the LiNbO3 film on Al2O3 (0001) (Fig. 2) shows the formation of a single-phase and a 
highly oriented film. The scanning electron microscopy (SEM) image (inset in Fig. 2) shows a 
nanostructured morphology. 
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Fig. 1. ORTEP-3 views of the a) [Li12(hfa)12•monoglyme•4H2O]n and b) the [K4(hfa)4•tetraglyme] clusters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 X-ray diffraction pattern of a LiNbO3 film deposited at 775 °C on C-sapphire (S) using the 
monoglyme adduct and the Nb(tmhd)4. The inset reports the SEM image of the film. 
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Thin films of epitaxially grown sp2-hybridized boron nitride (sp2-BN) in its hexagonal (h-BN) and 
rhombohedral (r-BN) phases have potential applications in UV devices, as piezoelectric materials, and 
in graphene technology. Thin film growth of sp2-BN is typically done using CVD at temperatures above 
1200 °C. A common substrate is oriented Al2O3(0001). We have recently studied the growth of sp2-BN 
using thermal CVD, comparing the differences in growth on Al2O3(11-20) and Al2O3(0001) commonly 
known as a-cut and c-cut Al2O3 substrates. These films are grown with an AlN buffer layer which has 
been shown to improve crystallinity for the BN films in our past studies [1]. The B precursors utilized for 
growth are triethylborane (TEB) and trimethylborane (TMB), both used with NH3 as nitrogen precursor 
to investigate different chemical pathways for the growth of BN films. XRD ω-scan show a FWHM of 
0.98° r-BN film on a-cut Al2O3, contrasted by a FWHM of 1.15° r-BN film on c-cut Al2O3. The BN-polytype 
stability and epitaxial relationship were determined by XRD ɸ-scans  to be r-BN[11-20]∥ w-AlN[11-20]∥ 
α-Al2O3[0001]the same on both a- and c-cut sapphire. These results from our last study recognizes a-
cut sapphire as an evidently better substrate for the growth of r-BN [2]. 
 
To understand the influence of CVD process parameters leading to nucleation and initial growth of 
epitaxial sp2-BN films on Al2O3, especially the precursors TEB or TMB. We now apply High Resolution 
Transmission Electron Microscopy (HRTEM) techniques, including interface focused STEM imaging, 
HRTEM imaging, EELS edge intensity distribution and line profiles which gives us the local film and 
interface information. These analyses are complimented with global film information acquired through 
FTIR and various thin film XRD techniques. Through this analytical analysis, we aim to methodically 
compare and investigate these sp2-BN films grown using the different substrates and precursors.  
 
From the  HRTEM , we note that etching of the substrate surface is different between the substrates 
with a more significant etch pit formation on the surface of the c-cut vs a-cut Al2O3 substrates. Film 
delaminated substrates also show a difference in etch pit shapes. The HRTEM shows how the AlN layer 
forms bridging structures above the etch pits, i.e., AlN does not grow inside the pit, instead layers over 
it. The interface imaging shows that AlN crystal quality differs locally with less ordered intermediates at 
certain regions, more consistent AlN epitaxial growth is observed for the a-cut surface compared to the 
c-cut substrates. We observe BN polytype transition, past results showed the transition from h-BN to r-
BN [3] during growth. As the sp2-BN film grows thicker we see the onset of a less ordered growth with 
turbostatic sp2-BN to amorphous material closer to the film vacuum interface. Our hypothesis is that 
carbon from the ligands incorporates into the BN film and disturbs the epitaxial growth. This was the 
reason for locally probing the films with analytical microscopy. We expect to learn more about all these 
film growth aspects through this ongoing study. 
 
 
 
 
 
 
 
 

190



 
Fig. 1 STEM image of BN film growth using TMB precursor on a-plane Al2O3 
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Hexagonal boron nitride (hBN) is a two-dimensional material structurally analogous to graphene. It is 
an insulator with a bandgap of ~6 eV and has a range of promising applications, including deep 
ultraviolet optoelectronics, tunnel barriers in tunnel devices, and protection layers for high-mobility 
graphene. The most common method for synthesis of large-area, high-quality hBN, besides mechanical 
exfoliation, is chemical vapor deposition on catalytic transition metal substrates like Cu and Ni. 
However, for device fabrication, these methods require transfer of the hBN films to CMOS-compatible 
substrates, which leaves residual metal contaminations at concentrations unacceptable for Si 
technology integration.[1] Therefore, growth of hBN thin films directly on CMOS-compatible substrates, 
such as silicon, germanium or dielectrics, is desirable. In particular, germanium has proven suitable for 
CVD growth of high-quality 2D materials [2], due to its catalytic activity [3]. In fact, low pressure CVD 
growth of polycrystalline hBN monolayers using ammonia borane as the precursor has been reported 
previously.[4,5] 
 
Here, we demonstrate CVD synthesis of well-oriented, few-layer hBN thin films on Ge(001)/Si 
substrates using borazine as a single-source precursor.[6] Morphology and crystalline quality were 
characterized using x-ray photoelectron spectroscopy, atomic force microscopy (AFM), Raman 
spectroscopy and transmission electron microscopy (TEM). The hBN films also contain nanocrystalline 
islands with crystallites 2-5 nm in size (Fig. 1), resulting in a root mean square (RMS) roughness of 
12 nm (Fig. 3a). First experiments at slightly lower temperatures yielded fully nanocrystalline hBN films, 
~50 nm in thickness and with smaller crystallite size. The crystalline quality was improved to the 
aforementioned state by increasing the growth temperature to near the melting point of germanium. 
 
Subsequently, we focus on reducing the presence of nanocrystalline islands. By reducing the precursor 
flow to the substrate surface they can be eliminated (Fig. 2), leaving only small, amorphous islands at 
the Ge/hBN interface. This is accompanied by a reduced RMS roughness of 2.2 nm (Fig. 3b). The 
amorphous island density and size can be reduced by dilution of the borazine/Ar mixture from the 
bubbler with more Ar, resulting in an RMS roughness of 0.6 nm (Fig. 3c).  
 
This work was funded by the FLAG-ERA grant 2DHetero, by the Deutsche Forschungsgemeinschaft 
(DFG, German Research Foundation) (436545422). 
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Figure 1. (a) Overview TEM image of hBN film grown on Ge(001)/Si at 980 °C setpoint temperature, 
showing islands and flat regions. (b) Detailed view of island marked by red box in (a). (c) Detailed 
view of vertically stacked hBN layers marked by blue box in (a). From [6]. 

 
 

 

Figure 2. Overview TEM image of hBN film without nanocrystalline islands after reduction of precursor 
flow to the Ge surface. 

 
 

 

Figure 3. (a) AFM image corresponding to the sample shown in Fig. 1, showing a high density of larger, 
nanocrystalline islands, RRMS = 12 nm. (b) AFM image corresponding to the sample shown in Fig. 2, 
showing a low density of smaller, amorphous islands, RRMS = 2.2 nm. (c) AFM image of sample grown 
with a 3:1 dilution of the precursor, with further reduced island density and size, RRMS = 0.6 nm. 
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Nitride-based high-electron-mobility-transistors (HEMT) offer high power density and output power at 
high frequencies and play an important role in high-volume data transmission and efficient energy 
conversion. AlScN is a promising new barrier layer which provides a higher sheet charge carrier density 
(ns) in the two-dimensional electron gas (2DEG) than conventional AlGaN layers thanks to its high 
spontaneous polarization and piezoelectric coefficients, reducing device channel resistance. 
Both molecular beam epitaxy [1] and metal-organic chemical vapour deposition (MOCVD) [2] can be 
employed to grow AlScN HEMT structures. Growth by MOCVD makes AlScN-based devices accessible 
for industry-scale production but remains challenging due to the low vapour pressure of available Sc-
precursors of about 3.07 x 10-6 mbar at room temperature. We developed a rearranged, heated gas 
mixing system to achieve a molar flow of 1-10 µmol/min which allows for Sc concentrations up to 30%. 
However, the growth rate (GR) remains low and the epilayers are exposed to a high thermal budget 
due to the extended growth time at high temperatures. This leads to the formation of AlGaN interlayers 
by Al atom diffusion. We investigate how the variation of the thermal budget affects interlayer formation 
by comparing AlScN/GaN heterostructures grown at different temperatures from 900 to 1200°C and 
with different GRs. The GR is varied by using two different Sc precursors, the conventional tris-
cyclopentadienyl-scandium (Cp3Sc) and the newly qualified bismethyl-cyclopentadienyl-
scandiumchloride ((MCp)2ScCl). (MCp)2ScCl allows for doubling the GR from the 0.006 nm/s typically 
achieved using Cp3Sc to 0.015 nm/s [3]. Contactless Hall measurements show that, at fixed growth 
conditions, the sheet resistance Rsh can be decreased by approximately 20%. At 900°C, the average 
Rsh across the 4” wafer was decreased from 211 to 172 Ω/󠇌󠇌, one of the lowest values reported in 
literature so far for AlScN/GaN heterostructures. The ns was increased from 2.98 to 3.23 x 1013 cm2 and 
the electron mobility µ from 998 to 1124 cm2/Vs, see fig. 1. The values are homogeneous across the 4” 
wafers, see fig. 2. With increased growth temperature, Rsh increases, ns and µ decrease (fig. 1). 
The grown AlScN/GaN heterostructures are examined by transmission electron microscopy and 
energy-dispersive X-ray spectroscopy in combination with secondary ion mass spectrometry in order to 
determine the interlayer and barrier thicknesses and composition. The obtained information is used for 
1D-Schrödinger-Poisson simulations of the 2DEG spatial distribution and charge density. We show that 
diffusion-induced AlGaN interlayers lead to a broadening of the potential well [4]. Reduction of the 
thermal budget by lowering the growth temperature from 1000 to 900°C or growing with increased GR 
allows for an improved confinement of the 2DEG and increases the ns. 
In order to improve the interfaces further we aim at GRs of about 0.13 nm/s, which is the typical GR of 
AlGaN barriers. To that end, we are currently testing new precursors with high vapor pressure of which 
we determine not only the maximum achievable GR but also Sc incorporation efficiency, effect of the 
C/Sc ratio of the precursor molecule, and impurity contamination such as oxygen. The electrical 
characteristics (Rsh, ns and µ) of the epilayer structure at low barrier growth temperatures are very 
sensitive to precursor purity, as shown in fig. 3 for the standard precursor Cp3Sc used in different 
purities. At 1000°C, we observed a change of Rsh from 1270 Ω/󠇌󠇌 with the research grade precursor, to 
a much improved value of 211 Ω/󠇌󠇌 with the production grade precursor.  
First AlScN-based HEMTs fabricated from heterostructures grown with (MCp)2ScCl show a 
transconductance above 500 S mm-1 and a drain current of 1.8 mA mm-1 [5]. 
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Figure 1: Contactless Hall measurements on AlScN HEMT structures grown with the conventional 
precursor Cp3Sc and the novel precursor (MCp)2ScCl on 4” 4H-SiC wafers at different temperatures. 
(a) Sheet resistance Rsh, (b) sheet charge carrier density ns and (c) electron mobility µ. The solid lines 
are a guide to the eye. Figure taken from [2].  

 

Figure 2: Map of Rsh, ns and µ of a AlScN/GaN heterostructure grown at 900°C on a 4” wafer obtained 
with contactless Hall mapping. 

 
Figure 3: Rsh, ns and µ determined by Hall measurements on AlScN HEMT structures grown on Al2O3 
using research grade (rg) Cp3Sc [6] and electronic grade (eg) Cp3Sc [4] at different barrier layer growth 
temperature. The solid lines are a guide to the eye. 
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In the last few decades, there has been a phenomenal rise and progress in the field of III–Nitride 
semiconductors. Now, the materials group III-N is changing the path of high-performance integrated 
circuits (IC) technology in high power and high frequency regimes and has received much attention due 
to its wide and direct bandgap, high electron mobility and high breakdown electrical field. 
 
 
III-N semiconductors are largely present in the industry, through chemical vapor deposition (CVD) 
techniques such as Metalorganic vapour-phase epitaxy (MOVPE). Those deposition techniques use 
conventionally the reaction of ammonia (NH3) with industrially relevant precursors such as 
trimethylaluminum (TMA), trimethylgallium (TMG) or trimethylindium (TMI) at high temperatures (750-
900 °C) [1]. Plasma-assisted Atomic Layer Deposition (PA ALD) is becoming a trustworthy alternative 
to the standard CVD deposition techniques, and it appears as a solution for highly conformal coating 
and low temperature processing as two important assets to tackle growth temperatures of the nitride 
films not interfering with CMOS circuitry. 
 
 
This work is based on the optimization and engineering of the plasma ALD of c-axis highly oriented 
aluminium nitride (AlN) films we proposed [2]. The pathway was further extended to facilitate low 
temperature (<450 °C) deposition of other III-N materials, such as GaN and InN semiconductors with 
wide and small bandgap respectively. In this work we utilized a gas mixture of H2/Ar/N2 as nitrogen 
precursor for nitride thin films initiated by a plasma source. The mix of Ar and H2 allows both to stabilize 
the plasma phase and to induce an optimized reducing of the ligands of the organometallic precursors 
reducing the carbon contaminants measured in the materials. We observed by XPS stoichiometric III-
N films with no detectable carbon contaminants and also a low level (<5%) of oxygen contaminants in 
the nitride films. The XRD and TEM analysis confirm privileged hexagonal crystalline structure of the 
thin film below 100 nm thickness. 
 
 
Insights on the ALD set-up and specific sequence of the deposition process will be presented for the 
growth of aluminium nitride (AlN), gallium nitride (GaN), indium nitride (InN), and ternary III-N films.  
 
 
Those results have the potential to pave a way for both buffer-oriented seed films for post-growth, and 
also films with tailor made electronics properties for the next-generation of III-Nitride/CMOS 
components and functional coatings with piezoelectric and semiconducting properties for MEMS 
applications with transducing capabilities.  
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TAB 1.: Elemental quantification. XPS analysis of nitride films ALD deposited 
 
 
 
 
 

                  
 
Fig. 1: SEM image of 150 nm thick GaN film deposited onto a silicon <100> substrate. 
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Silicon nanowires (Si NWs) or nanosheets are the building blocks for future transistors but suffer from 
severe difficulties with efficient impurity doping due to a multitude of physical and technological 
problems when the diameters are reduced to a few nanometers (diffusion, dielectric and quantum 
confinement, statistics of small numbers, etc.). Especially junctionless nanowire transistors require high 
conductivities but high impurity doping concentrations cause a severely decreased mobility, which in 
turn implicates the need for higher operation voltages and increased electrical energy dissipation into 
heat. Therefore, alternative doping methods are desirable that separate doping-induced free carriers 
from their parent dopant atoms. 
 
Here, we present a novel doping concept for Si NWs comparable to the modulation doping approach 
of III-V semiconductors. Based on results from density functional theory (DFT) calculations, we use Al-
doped SiO2 shells around the Si NWs, in which unoccupied Al-induced acceptor states are created with 
an energy level located below the Si valence band edge. These states can capture electrons from the 
Si, creating free holes as majority charge carriers [1-5]. Experimentally, the Al-doping of SiO2 is realized 
by ALD to form (sub-)monolayers [6] of AlOx. 
 
In this presentation, recent results of this doping approach are shown. We demonstrate that Si NWs 
that were modulation-doped by SiO2:Al-shells have several orders of magnitude lower electrical 
resistances as compared to NWs with undoped SiO2-shells. Selected resistance results and schematic 
cross-sections of the Si NW test devices are shown in Fig. 1. 
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Fig. 1: Schematic cross-sections of the Si NW test devices and selected electrical resistance results. 
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High Vacuum Chemical Vapor Deposition (HV-CVD) is a deposition technique that combines the 
advantages of simple predictive precursor flow behaviour (i.e. Knudsen effusion), and strongly 
enhanced species mobility on the substrate surface of the coating composing ingredients. This 
translates into lower deposition temperatures, higher deposition rates and therefore higher quality 
price ratio as compared to other coating technologies for cutting edge performance coatings. Carrying 
out HV-CVD in a combinatorial manner allows for fast and efficient coating optimization. 
 
The technology is based on parallel, carrier gas free, effusion of precursors onto a preheated 
substrate. The chemically reactive precursor molecules surface migrate and react with one another 
for growing films. Nucleation density and growth kinetics determine the "surface smoothness" of the 
growing films. Experimental proof of this effect is presented for two different cases of growth for two 
very different film growth challenges, a) epitaxial growth of Barium Titanate (BTO) crystalline films on 
SrTiO3 buffered silicon substrates; and b) selective growth of TiO2 on lithographically patterned 
perfluorosilanized naturally oxidized silicon wafers for selective growth of TiO2.  
 
200 nm thick heteroepitaxial BTO films need to be deposited at highest quality evidently with respect 
to stoichiometry and crystallinity but also with respect the surface roughness and waviness due to the 
function as optical on chip switches or other optical devices. Therefore the combinatorial study of the 
deposition of BTO films with Ba(iPr3Cp)2 and Titanium-tetraisopropoxide (TTIP), together with O2 was 
carried out. The combinatorial character of the deposition experiments is characterized by the 
creation of two different gradients of the two metal containing precursor gas fluxes, the precursor flux 
ratio between the two precursors and the second gradient, the total precursor flux onto the substrate, 
corresponding to a gradient in precursor impinging rate of the molecules. These two gradients are 
achieved by a selection of effusion holes openings in the precursor supplying precursor rings as 
schematically presented in Fig.1. This opening arrangement results in the also shown precursor ratio 
and total flux gradients on the 4 inch Silicon wafer. 
 
Deposition at 450°C substrate temperature resulted in the growth of BTO films of thicknesses around 
200nm (depending on the deposition time) with very low surface roughness (see. Fig 2) only at the 
correct impinging rates of both precursors, and evidently the correct ratio. The found ideal conditions 
are then applied on full wafer scale and this achievement is presently evaluated for the industrial 
fabrication of optical devices, by a Swiss start-up company. 
 
Our HV-CVD set-up was conceived to perform in-situ patterned deposition by laser mask projection 
and therefore selective growth of materials with "reactive" precursors was also carried out.[1] Again, 
nucleation probability to initiate growth and growth rates will determine the "selectivity" of the growth 
process. Here a selective "monolayer" perfluorsilanization was carried out in order to create a low 
sticking surface for both precursors, which was removed with a mask pattern resulting on naturally 
oxidized silicon at the deposition "active" surface. Especially the adsorption of water with very high 
sticking probability will initiate the nucleation of the TiO2 growth with TTIP as deposition partner. (see 
schematic presentation in Fig 3b) The specific impinging rates of the precursors together with the 
substrate temperature define the window of selectivity. At low impinging rates (precursor flow) and low 
substrate temperature, 100 nm selective TiO2 growth could be obtained, as shown in figure 3c. With 
increasing film growth, the probability of nucleation on the "intert" surface is increasing and constant 
height different growth appears after full coverage of the originally inert surface. Together with the 
formerly reported thermodynamic and kinetic information for this deposition system, deep 
understanding of nucleation rates could be experimentally indirectly obtained. 
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Fig. 1. Effusion orifice opening configuration schematic (left) and the resulting synthesis result on a 4" 
test Si wafer (right). The combinatorial deposition allowed to identify the optimized conditions for the 
growth of smoothest and stoichiometric BTO films. 
 

 
 
Fig. 2. Optimized conditions found by combinatorial deposition were transferred into a uniform 
deposition on SrTiO3-buffered substrate (left). The synthesized BTO films were epitaxial, 
stoichiometric, pure and near atomically smooth (right). 

    
 
Fig. 3. Selective area deposition of TiO2 on PFTS reacted/patterned Si wafer. a) overview, b) 
schematic of selective deposition, c) cross section of optimized growth, d,e) zoom in a). from [1] 
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Patterning by area-selective etching of polymers, first presented by Zhang et al. [1], is a self-aligning 
technique which is based on different catalytic properties of different surfaces (Fig. 1). A thin polymer 
film is patterned and used as a resist similar to many common patterning processes, but it may also 
remain as part of the structure being made. The area-selective etching of polymer is done by annealing 
in the presence of an etchant gas. The polymer is decomposed from top of catalytically active materials, 
while on top of non-catalytic materials the polymer stays intact. This makes the technique self-aligned, 
thus avoiding placement errors and other defects. Different etching gases, such as O2 and H2, can be 
used. These small molecules diffuse through polymers onto the catalytically active surface that activates 
them to react with the polymer locally. Also, some materials can catalytically decompose the polymer 
directly in an inert atmosphere without the use of any etchant gas. After the self-aligned patterning step, 
many deposition methods can be used, for example, area-selective ALD or CVD or line-of-sight PVD 
followed by lift-off.  
 
Several catalytic and non-catalytic materials have been identified. The catalytic effect of these materials 
depends on the temperature, the polymer, and the etching gas. This means that by carefully choosing 
the temperature, polymer, and atmosphere we can modify different surfaces to be catalytically active or 
inactive. Finding alternative atmospheres is important because, for example, many materials used in 
semiconductor devices cannot withstand high temperatures in oxidative atmospheres.  
 
Here, we demonstrate that a very thin layer, even down to a fraction of a monolayer, of catalytically 
active material shows clear catalytic effect (Fig. 2). This is important because many of the catalytically 
active materials identified, like Pt and CeO2, are not commonly used in semiconductor devices. 
However, thin layers of Pt can be used to catalytically activate metals, and CeO2 to catalytically activate 
insulators. 
 
Feasibility of the overall self-aligned patterning process is demonstrated in nanometer scale with two 
polymers, poly(methyl methacrylate) (PMMA) and polyimide (Fig. 3). Pt was used as a catalytic surface 
and native SiO2 as a non-catalytic surface. ALD-Ni was deposited using PMMA as a resist for lift-off 
and ALD-Ir using polyimide as a growth inhibiting layer. 
 
 
 
 
 
 

 
 

Figure 1 - Schematic of the self-aligned patterning by area-selective etching of polymers 
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Figure 2 - Changes in the thicknesses of PMMA thin films over time on native SiO2 and (a) Pt or (b) 
CeO2 films of different thicknesses in air at different temperatures. 

 
Figure 3 - SEM images of patterned Pt/SiO2 before the area-selective etching process and after the 
area-selective etching of PMMA followed by ALD of Ni and removal of PMMA. TEM image after the 
area-selective etching of polyimide followed by ALD of Ir without removing polyimide.  
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As feature sizes in nanoelectronics continue to shrink, replacing lithography-etch schemes by area-
selective atomic layer deposition (AS-ALD) will allow for self-aligned fabrication [1]. During AS-ALD, 
material is only deposited on the growth area while no deposition takes place on the non-growth area. 
Currently, most approaches to AS-ALD exploit a chemical pathway [2]. As an alternative, a supercycle 
combining ALD and sputter etching by ions can be used as a physical mechanism in achieving AS-
ALD, see Fig. 1. For this to work, the non-growth area should contain heavy elements, in contrast to 
the growth area. Then, ALD has a similar growth per cycle (GPC) on the growth area and non-growth 
area, while the etch rate by sputtering is larger on the non-growth area, leading to a difference in net 
deposition. The difference in etch rate is caused by the so-called sputter yield amplification effect, where 
heavy substrate atoms reflect ions more efficiently and subsequently sputter the deposited material on 
top [3].  
 
In this work, the potential of combining ALD of metal oxides with sputtering by low energy Ar ions (<100 
eV) to achieve AS-ALD is investigated. Al2O3 is used as growth area and HfO2 as non-growth area, 
considering that Al weighs 27 amu and Hf 178 amu (i.e. much larger than the Ar mass of 40 amu). On 
both substrates, two SiO2 ALD cycles have been performed (BDEAS precursor and O2 plasma 
coreactant at 250°C, reported in [4]). Subsequently, both substrates were exposed to an Ar ion 
bombardment with a 47.0 eV average ion energy. A difference in sputter etch rate of SiO2 has been 
revealed using X-ray photoelectron spectroscopy (XPS) by plotting the decrease in Si2p photoelectron 
peak area as function of ion dose (see Fig. 2). On HfO2, a significant sputter etch rate is observed, while 
no sputter etching occurs on Al2O3.  
 
As a demonstrator, ten supercycles consisting of two SiO2 ALD cycles followed by a 1.6·1017 cm-2 Ar 
ion dose have been performed on Al2O3 and HfO2. The SiO2 thickness on both substrates is tracked by 
in-situ spectroscopic ellipsometry, see Fig. 3. During each supercycle, a thickness increase can be seen 
after the ALD cycles and a thickness decrease after the ion etch step. This thickness decrease is larger 
on the HfO2 substrate. Finally, 1.1 nm of SiO2 has been grown on Al2O3, while no significant SiO2 
thickness is observed on HfO2.  
 
In this contribution, the selective sputter etch results and the design of the deposition-etch supercycles 
exploiting sputter yield amplification will be discussed. Increasing the number of ALD cycles per 
supercycle can increase the net deposition on the growth area, while tuning the ion energies and doses 
accordingly can improve the selectivity. Moreover, it will be shown that this AS-ALD process can be 
extended to different combinations of materials, such as TiO2 ALD and WO3 as non-growth area. 
Substrate-selective ion sputtering can thus provide an unique pathway to AS-ALD which can distinguish 
between novel combinations of light growth areas and heavy non-growth areas. 
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Fig. 1: Area selective ALD of SiO2 by combining ALD and ion sputtering. The GPC (blue arrow pointing 
downwards) is similar on both Al2O3 and HfO2 while the sputter yield (blue arrow pointing upwards) is 
amplified on the heavier HfO2. Ions undergo fewer collisions (orange arrows) before they can sputter in 
HfO2 due to the large mass of the Hf atoms, as compared to Al (also drawn by the orange arrows). The 
result is a net deposition on Al2O3 and not on HfO2. 

  
Fig. 2: Relative Si2p XPS peak areas before 
and after various ion doses. Ion sputtering 
occurs readily on HfO2, while no significant 
decrease in Si counts on Al2O3 is observed. A 
relative peak area of 1.0 corresponds to 2 Å of 
SiO2, deposited by two ALD cycles. 

Fig. 3: SiO2 thickness on Al2O3 and HfO2 
during the 10 area selective ALD 
supercycles, as determined by in-situ 
spectroscopic ellipsometry. The thickness 
after the two ALD cycles and the ion etch 
step are shown for both substrates. 

 
 
 

References 
1. R. Clark, K. Tapily, K.-H. Yu, T. Hakamata, S. Consiglio, D. O’Meara, C. Wajda, J. Smith, and G. Leusink, 

Perspective: New Process Technologies Required for Future Devices and Scaling, APL Mater 6, 058203 
(2018). 

2. A. J. M. Mackus, M. J. M. Merkx, and W. M. M. Kessels, From the Bottom-Up: Toward Area-Selective Atomic 
Layer Deposition with High Selectivity, Chemistry of Materials 31, 2 (2019). 

3. S. Berg, A. M. Barklund, B. Gelin, C. Nender, and I. Katardjiev, Atom Assisted Sputtering Yield Amplification, 
Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 10, 1592 (1992). 

4. Seok-Jun Won, Sungin Suh, Myung Soo Huh, and Hyeong Joon Kim, High-Quality Low-Temperature Silicon 
Oxide by Plasma-Enhanced Atomic Layer Deposition Using a Metal–Organic Silicon Precursor and Oxygen 
Radical, IEEE Electron Device Letters 31, 857 (2010). 
 

 

* Corresponding author e-mail:  a.a.d.jong@tue.nl 
 

0 1 2 3

0.5

0.6

0.7

0.8

0.9

1.0

1.1

 SiOx on Al2O3

 SiOx on HfO2

Ion dose (1017 cm-2)

R
el

at
iv

e 
Si

2p
 p

ea
k 

ar
ea

0 2 4 6 8 10

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Si
O

2 t
hi

ck
ne

ss

Number of supercycles

 On Al2O3

 On HfO2

206

mailto:a.a.d.jong@tue.nl


Selective ALD-Deposition of IrOx on Platinum Neural Electrodes 

 
Nicolai Simon a,b,*, Thomas Stieglitz b, Volker Bucher a, 

 
a Institute for Microsystems Technology (iMST), Furtwangen University, Neckartal 142, Rottweil, 78628, Germany 

b Laboratory for Biomedical Microtechnology, IMTEK and BrainLinks-BrainTools Center, Albert-Ludwigs-
University, Freiburg i. Brsg., Georges-Köhler-Allee 201, Freiburg, 79110, Germany  

 

 
 
Neural interfaces are used to interact with neurons from the body for clinical purposes. These interfaces 
consist of a polymer sheet with embedded electrodes. The electrodes are in direct contact with the 
biological tissue and in case of stimulation, they convert the electrical currents into ionic currents 
through cell membranes. The effectiveness of this process is determined by the electrode material, 
which is often platinum. To lower the impedance, iridium oxide is sputtered on top of the platinum 
electrodes [1]. However, this process requires lithography to protect the polymer surfaces from the 
electrically conductive iridium oxide. This takes time and involves misalignment errors.  
With the help of area-selective atomic layer deposition (AS-ALD), only the platinum electrodes are 
coated with iridium oxide. Here, the catalytic property of the platinum is exploited to initiate layer growth 
on the surface due to the atomic dissociation of oxygen [2]. 
In this work, a polyimide 2611 surface and platinum substrates were selectively coated using the iridium 
precursor (Methylcyclopentadienyl)(1,5-cyclooctadiene) iridium(I) ((MeCp)Ir(COD)) and oxygen as the 
co-reactant in a thermal ALD process at 225 °C with 500 cycles. In a previous study, it was shown that 
ALD could be performed with this precursor [3]. The Cp group of the precursor is resistant to ligand 
exchange and requires a high-energy metallic surface such as platinum to react. A low-energy surface 
such as that of the polymer does not have the necessary energy to break the aromatic ring and thus 
cannot initiate layer growth [4]. A nucleation delay occurs on the polymer surface resulting in selectivity.  
In situ ellipsometry was performed to investigate the selectivity. Figure 1 shows the measurement 
results of ellipsometry. For polyimide, the two curves are coincident, indicating no growth of the layer 
on the surface of the polyimide. In the case of platinum, there is a shift in the curve, which indicates 
layer growth. In addition to the experiments, AFM images were also taken, which are shown in Fig. 2, 
to compare the surface topography. The roughness of the polyimide changed only slightly, whereas 
there was a drastic change in the surface of the platinum. Nucleation clusters were formed, which also 
indicate layer growth. Using ellipsometry and AFM, area-selective growth of iridium oxide films on 
platinum and polyimide were shown. 
 

 
Figure 1. Spectroscopic data (delta) of the substrates before and after coating. No shift of delta is 
observed in polyimide 2611, while a shift of delta is clearly seen in platinum, which indicates layer 
growth on platinum. 
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Figure 2. AFM images of substrate surface (reference and after coating) with 512 sample/lines and 1 
µm2. (a) Polyimide 2611 reference (b) Polyimide 2611 after coating (c) Platinum reference (d) 
Platinum after coating 
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Sustainability is a greatly important issue for current and future technological developments. This 
becomes important especially in view of consumer electronics which are essential part of our society 
and become more and more disposable goods. One way to minimize the waste is to extend the lifetime 
of devices. This can be done through self-healing approaches in case of defects in the materials. 
However, the vast majority of these works are devoted to the self-healing of organic materials. 
Implementing such functionality to the inorganic materials is highly demanded in recent times, not at 
least due to the rapid development in the area of flexible electronics. The few existent examples for 
inorganic materials rely on liquid healing agents, such as liquid metals or liquid precursors. The progress 
in this field remains very challenging, mainly because of a lack of feasible healing agents and suitable 
ways to supply them to the damaged site. In this work, we propose an approach to form self-healing 
metal oxides (MeO) by applying the vapor phase infiltration (VPI) method. 

We used VPI as a tool to induce self-healing properties into hybrid organic-inorganic materials. This 
was achieved by infiltration of metal organics into the polymers which do not possess reactive oxygen-
containing functional groups. Application of a typical VPI process to a functional polymeric substrate 
will result in the formation of dispersed metal oxide clusters and nanoparticles (NPs) inside the polymer 
along with an inorganic thin film of the same MeO on the surface. This hybrid polymer matrix with 
dispersed NPs can serve as a reservoir with healing agents for a repair of a cracked MeO film. Self-
healing of inorganic materials and structures was realized also without liquid agents by making use of 
the mobility of inorganic NPs within polymers, as the spatial distribution of NPs can be tuned by means 
of harnessing both enthalpy and entropy. 

After the infiltration process, samples were transferred into the microscope chamber and cut in a 
controllable way by a Focused Ion Beam (FIB). Usage of FIB and SEM allowed inspecting the ruptured 
area of the hybrid structure prior to and after its exposure to the ambient atmosphere. X-ray 
photoelectron spectroscopy (XPS), energy-dispersive x-ray spectroscopy (EDX), and transmission 
electron microscopy (TEM) were used to analyze the chemical structure and composition of the 
obtained hybrids. The self-healing effect after exposure of the FIB-cut sample to air was observed for 
zinc and indium metal oxides (Fig.1). Hereby, we introduce an alternative materials architecture and 
construction framework for designing inorganic materials capable to self-heal.    

 

Fig. 1. Healing of selectively FIB-etched patterns on the PVC/ZnO surface over time. The left image is 

a photo of the sculpture “Wind comb”, created by Eduardo Chillida. 
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The quality of injection molded plastic parts strongly depends on the control of heat exchange between 
the mold and the molten polymer [1]. The addition of a thermal barrier on the surface of the mold allows 
a delay in the cooling of the molten polymer, a decrease in its viscosity and thus an improved quality of 
the molded parts. If thermal barriers are mainly studied in the aeronautic field, works on thermal barriers 
for plastic molds are less frequent [2]. In this case, the barrier layer must be non-toxic, inert and stable 
over time with respect to the polymer and steel of the molds, while having a low thermal conductivity. 
Thermal barrier coatings made of ZrO2 layers meet these requirements. The deposition process must 
be carried out under conditions that are compatible with the steel of the molds to be coated and it must 
produce coatings with 2 µm minimum thickness, even on molds with patterns (grooves, studs). 
Due to the use of gaseous reactants under reduced pressure, metal organic chemical vapor deposition 
(MOCVD) provides conformal coatings on complex substrates . Associated with a direct liquid injection 
(DLI) technology, this process produces relatively high deposition rates. In the present study we first 
focus on crystallized and by such porous ZrO2 coatings deposited on planar, Si and steel substrates. 
Zr(OiPr)2(tbaoac)2] was chosen as a Zr precursor since it allows deposition in the presence of O2 at 
temperatures below 570°C that are compatible with the steel of the molds. This precursor has already 
been used successfully to deposit ZrO2 by DLI-MOCVD [3].  
The process has been developed to deposit micron thick layers in 1.5h. The reactor used is a horizontal 
tubular type with hot walls, with and a temperature gradient in its inlet zone, which allows to coat in a 
single experiment multiple Si coupons and thus to obtain many results (combinatorial approach).  
Fig. 1 shows the thickness profile of the films along the reactor estimated by spectroscopic ellipsometry 
and checked by scanning electron microscopy (SEM). The thickness of the films strongly depends on 
the position of the samples, because the local deposition temperature and precursor concentration 
evolve along the reactor. X-ray diffraction shows that the ZrO2 films are crystallized, mainly in monoclinic 
phase. It can be noticed, on the sample section observed in SEM (Fig. 1b and 1c), that they display a 
columnar structure and that films deposited in the isothermal zone towards the reactor outlet are thinner 
and more porous than those deposited near the inlet, at a lower temperature. 
Based on these operating conditions, thicker films, between 0.3 and 18 µm were produced by increasing 
deposition time, namely to 1.5, 8.33 and 29h. SEM micrographs (Fig. 2) reveal their columnar structure.  
The thermal conductivity of the ZrO2 coatings deposited by CVD was evaluated using a custom-made 
device based on the experimental work by Atakan et al. [1]. It consists of two main components: a cold 
part including a sample holder at room temperature and a hot part including a copper insert maintained 
at a temperature range that spans between 80 °C and 200 °C. Heat transfer occurs when the surface 
of the coated sample is placed into contact with the hot copper insert. The evolution of the contact 
temperature as a function of the time is measured using a PT100 sensor located at the surface interface. 
Preliminary results indicate that the presence of a 15 µm thick ZrO2 coating delays the heat transfer up 
to 6°C with respect to a reference steel sample (Fig. 3). These results are promising for the development 
of future thermal barrier coatings for diverse industrial applications including plastic injection molding 
processes.  
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Figure 1: (a) Evolution of thickness of ZrO2 film and samples temperature as a function of the position 
from the reactor inlet. (b) and (c) Focused ion beam - field emission gun SEM images of the cross-
section of a ZrO2 film deposited on Si at 16 cm from the reactor inlet (local temperature: 527°C) (b) and 
at 32 cm (local temperature: 550°C) (c). 
 

 
Figure 2: Cross-sectional SEM images of ZrO2 films. (a) Deposition of 8h20 at 12 cm from the reactor 

inlet (local temperature: 510°C) (b) Deposition of 8h20 at 28 cm from the reactor inlet (local 
temperature: 546°C) (c) Deposition of 29h at 12 cm (d) Deposition of 29h at 28 cm. 

 

 
 

Figure 3. Comparison of the temperature at the interface of the copper insert as a function of time for 
a reference steel sample and a coated sample (15 µm of ZrO2). 
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1. INTRODUCTION 

Aluminum-based ceramics have been extensively used in semiconductor plasma processing 
equipment as plasma-facing materials. However, these materials are eroded by corrosive fluorocarbon 
plasmas, resulting in the production of contaminant particles on the wafer. In order to solve this problem, 
yttrium oxide (Y2O3) and yttrium fluoride (YF3) coatings have recently attracted substantial attention due 
to their high resistance to erosion in plasma, especially plasma etch, avoiding the generation of fluoride 
particles from the chamber wall surface, thereby reducing particulate contamination [1].  

Atomic layer deposition (ALD) is a thin film coating method that enables conformal dense and pinhole-
free film deposition even for the complex structures like showerheads. However, the formation YF3 thin 
films by ALD has been challenging since common fluorine sources such as HF are generally dangerous 
and corrosive, hence could lead to permanent damage to the chamber of semiconductor plasma 
processing equipment. 

We have carried out the screening of several types of organometallic yttrium precursors for ALD, and 

have succeeded in depositing an ALD YF3 film using a novel  F containing yttrium organometallic 
precursor called Ybeta-prime in combination with O3 as the co-reactant. These precursors are 
introduced sequentially, leading to a HF-free YF3 thin film coating process. The object of this study is 
the investigation of YF3 ALD and the investigation of the film dry etch resistance property using CF4/O2 
plasma. Furthermore, Y2O3 thin film prepared using an ALD technique was used to compare the surface 
erosion behaviors with YF3 film.  
 
2. Experiments / Results 

The YF3 thin film deposition is performed on Si coupons using a cross-flow type reactor. The reactor 
pressure is controlled at 10 Torr, and the reactor temperature is varied from 225oC to 350oC. The YF3 
thin film growth was confirmed by XPS measurements, and it revealed that growth per cycle (GPC) 
increases as reactor temperature increases. The refractive index of deposited YF3 thin film was constant 
with the deposition temperature, its value being consistent with bulk YF3 value (1.5 @632.8 nm). Dense, 
uniform, conformal hydrophobic (WCA > 90 degrees) films are obtained at the range of temperature 
between 225oC and 300oC.  SEM was used to measure step coverage of the ALD YF3 film deposited at 
275oC in a 1:6.25 aspect ratio structure. The SEM image shows excellent step coverage (top: 22 
nm/bottom: 22 nm), opening interesting perspectives for industrial applications requiring high 

conformality. This contrasts with YF3 films obtained through CVD processes (step coverage was less 
than 50 % at deposition T = 350oC). The YF3 film sample was introduced into an inductively coupled 
plasma (ICP) etching tool (200 mm Alcatel MS100) together with a Al2O3 sample as a reference. The 
erosion behaviors of those coupons were analyzed under representative plasma etching conditions, 
using the same bias power and processing gases (CF4 and O2) where high density CF4/O2 plasma are 
produced (RF source power: 1300 W. RF bias power: 200 W [2]. Chamber pressure: 1.1 Pa. The CF4/O2 
flow rates: 30:5 sccm. Etching time: up to 4 min). As shown Fig. 3, YF3 thin film was found to be etched 
at least one order of magnitude slower than the  Al2O3 .  

 
3. Summary 

We succeeded in developing a YF3 ALD process without HF usage. Deposited YF3 thin film shows 
high uniformity and conformality, and this YF3 thin film showed strong resistance to fluorine-containing 
plasma, outperforming other etch-resistant materials, such as alumina. Such described YF3 ALD films 
are thus promising candidates for potential applications in the field of anticorrosive coatings.  
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Table 1.  Summary of physical and chemical properties of newly developed Yttrium precursors and 
ALD processes   

 
  

   
 
Figure 1. (a) The dependence of the GPC on the reactor temperature. The Y-beta prime precursor and 
O3 co-reactant are used for this experiment. (b) XPS depth profile of deposited film (the reactor 
temperature was 300oC).  
 
 

 
Figure 2. Etch rates of YF3 thin film (35 nm) and Al2O3 thin film (500 nm). The Al2O3 film was provided 
by Beneq. The experiment conditions are summarized in the right table. 
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Rare-earth nickelates (RENiO3, RE = trivalent rare-earth cation) is a group of perovskite oxides that 
have received a surge of interest over the last decade or so. This is mostly due to the existence of a 
sharp metal-to-insulator transition (MIT) that is correlated to the Ni-O-Ni bond angle, which varies with 
the size of the rare-earth cation. The Ni-O-Ni bond angle determines the O2p – Ni3d orbital overlap, with 
bands widening when the angle is large (i.e. large orbital overlap).1,2 Materials that possess sharp 
electronic functional transitions that can be controlled are highly sought after in creating future 
generations of devices. 
 
One issue with the rare-earth nickelates is that they are notoriously difficult to prepare. Ni3+ is rarely 
stable, and the perovskite phase is often in competition with binary oxides and more stable Ruddlesden-
Popper (RP) phases. 
 
Some of the lighter rare-earth nickelates, particularly LaNiO3, NdNiO3 and SmNiO3 have been prepared 
with success both as bulk crystals and as films. The heavier, albeit just as interesting compounds, such 
as EuNiO3, GdNiO3 and TbNiO3 have proven much more difficult to prepare. This is likely partially due 
to the decreased stability of the perovskite compared to competing phases, and due to the increased 
difficulty of stabilizing Ni3+ in these structures. Keep in mind that most rare-earth nickelates have been 
prepared by high temperature techniques. 
 
We have recently prepared LaNiO3, NdNiO3 and SmNiO3 by atomic layer deposition (ALD), observing 
direct epitaxy at low temperatures.3 The back-end-of-line (BEOL) compatible conditions that these films 
were prepared in, has opened the door for implementation in electronic devices. But there is another, 
and more fundamental possibility that has presented itself: Preparation of metastable nickelates that 
are stabilized by a combination of cation composition control, low temperature of deposition and strain 
engineering. This allows the exploration of exotic nickelates, that are very difficult to prepare and study 
by conventional techniques.  
 
In this talk, I will show how low-temperature epitaxy by ALD has been used to deposit high-quality films 
of EuNiO3 and GdNiO3, and cation substituted variants thereof. EuNiO3 is interesting due to the extreme 
response in electronic resistivity as a function of strain. Highly strained films are impossible to reach at 
higher temperatures; the films immediately relax. We show how EuNiO3 is an insulator on SrTiO3 
substrates, but a good metal on YAlO3. GdNiO3 is another interesting nickelate with an MIT of around 
200 °C. It is however, notoriously hard to prepare due to the much higher stability of Gd2O3 and NiO. 
We show how GdNiO3 can be prepared using low-temperature epitaxy by ALD, and also how it 
decomposes upon annealing, confirming the low 
stability at higher temperatures. 
 
This line of thought is not only interesting for rare-
earth nickelates, but for all classes of complex 
oxides that are either hard to prepare or cannot be 
prepared at higher temperatures. Low-temperature 
epitaxy by ALD opens for highly conformal, uniform 
and high-quality films of such compounds, with the 
added bonus of being BEOL compatible.  
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In the early stage of dynamic random access-memory (DRAM) development, the thickness of the 
dielectric SiO2 has been reduced in the Si based two-dimensional structure to obtain high integration 
density and capacitance. However, as the DRAM devices have been continuously scaled down, 
thickness of SiO2 reached a fatal limit of reaching the physical thickness at which leakage current due 
to tunnelling effect occurs. To break through this, SiO2 was replaced by high dielectric constant(k) 
materials [1]. Among the various high-k materials, ZrO2 is one of the promising materials since it has 
good thermal stability, high dielectric constant (k~30) and wide bandgap (5.16-7.8 eV) [2,3]. However, 
when the film is deposited with oxygen plasma (O2 plasma) to obtain high-density and high-k film, the 
leakage current density may be increased due to the interlayer formed between high-k dielectric film 
and substrate because of the plasma energy. Since the interlayer is formed due to the oxidation of the 
electrode during the film deposition process, which is affected by the potential barrier height of the 
oxidation reaction [4], proper selection of the electrode is also required. Currently used TiN deteriorates 
the electrical properties such as increased leakage current density due to the interlayer formed between 
high-k film and TiN [5,6]. Recently, noble metals such as Pt, Au, Ag, etc., reported as ideal substrate to 
reduce the interlayer formation [4], are difficult to easily apply to real industry because of its high price. 
 
In this study, we conducted research on lowering the leakage current density at the same time as 
increasing the k-value. To do that, we compared two oxidants (O2 plasma and hydroperoxide) and two 
substrates (Ru and TiN). Hydroperoxide (H2O2) was selected as a comparison with O2 plasma since 
the oxidizing power of H2O2 is stronger than that of water and smaller than that of O2 plasma. Ru was 
select as a comparison with TiN because it has good thermal stability, low resistance, high work function, 
and relatively inexpensive among noble metals [7]. 
 
For ultrathin high quality ZrO2, atomic layer deposition (ALD) has been used, which can secure atomic 
layer controlled ZrO2 film with high conformality and high uniformity. Several physical properties of ZrO2 
thin film were examined such as chemical composition, crystallinity, and film density. As seen in Fig. 
1(left), it was confirmed that a large difference in crystallinity appeared depending on oxidants. These 
crystallinity difference also affects the k-value (Fig. 1(right)). ZrO2 thin film using O2 plasma as oxidant 
showed much higher k-value than using H2O2 as oxidant. The reason why the k-value varies depending 
on the substrate can be explained through Fig. 2. Although ZrO2 thin film using O2 plasma showed 
higher crystallinity, it has a rather low k-value because it has a thick interlayer on TiN. However, since 
a negligible interlayer was formed on the Ru substrate, it was considered to have a high k-value. 
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Figure 1. (left) crystallinity results according to oxidants using XRD analysis, (right) capacitance 
according to oxidants and substrates. 
 

 
Figure 2. Cross-section TEM image of ALD ZrO2 films; (top 2 images) using O2 plasma as an oxidant, 
(bottom 2 images) using H2O2 as an oxidant, (left 2 images) on Ru substrate, and (right 2 images) on 
TiN substrate. 
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HfZrO-based structures by ALD for embedded ferroelectric non-
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Ferroelectric HfO2-based materials have been intensively studied since 2011, thanks to their excellent 
CMOS compatibility and potential for scalability [1]. Recently, TiN/Hf0.5Zr0.5O2/TiN ferroelectric 
capacitors were successfully integrated in the Back-End-Of-Line (BEOL) of 130 nm CMOS technology 
[1]. Hf0.5Zr0.5O2 (HfZrO) has shown robust ferroelectricity, high dielectric constant and low-temperature 
preparation, which is a crucial aspect for its integration into the semiconductor-based industry and a 
promising material for the non-volatile memories [1]. Since atomic layer deposition (ALD) processes 
are extremely conformal, ALD is the recommended approach in the production of 3D ferroelectric 
random access memory.  
 
Among the methods for depositing thin films, ALD is unique for its capability of growing conformal thin 
films of compounds with a control of composition and thickness at the atomic level [2]. This technique 
enables the development of complex systems such as nanolaminates, periodic stacking of bilayer 
structures to form thicker multilayers. In particular, the deposition of nanolaminates for microelectronics 
applications demonstrated that such structures acquire particular physical properties, such as 
enhanced dielectric constant [2].  
 
The aim of this study is to develop ultrathin ferroelectric layers by ALD for MFM (Metal Ferroelectric 
Metal) capacitors for non-volatile memories. Within this work, two different types of structures were 
developed and investigated: 10 nm thick HfZrO, made through supercycles of alternating layers of HfO2 
and ZrO2, and 10 nm thick HfO2/ZrO2 nanolaminates consisting of stacked 2 nm thin HfO2 and 2 nm 
thin ZrO2. At first, the objective of this project is to investigate the intrinsic characteristics of the material 
in the two different structures through the study of its morphology. For this, X-ray reflectometry (XRR) 
analysis was performed to estimate thickness, density and roughness; grazing incidence and in-plane 
X-ray diffraction (XRD) were carried out on the different films to analyze crystallinity; time-of-flight 
secondary ion mass spectrometry (ToF-SIMS) was made to extract information about the composition 
of the layers. In addition, a mercury contact probe analysis was performed to provide an estimation of 
the dielectric constant of the obtained material. After annealing, through electrical positive-up-negative-
down (PUND) measurement, it was possible to obtain evidence of ferroelectricity. The project 
perspective will be to analyze the material evolution at each stage of the MFM stacked structure on 
300 mm Si substrates and relate to the electrical results. 
 
The experimental analysis of the as-deposited films allowed some preliminary conclusions. The XRD 
results presented in (Fig. 1) reveal that the films are nanocrystalline, as expected for these materials in 
the absence of annealing. The diffraction peaks around 30.5° and 35.3° stand for a mixture of tetragonal 
and orthorhombic phase and could be evidence of the beginning of crystallization of a ferroelectric 
material. ToF-SIMS data in (Fig. 2) allows the observation of the stacking of different interfaces through 
consistent Hf/Zr profiles. Finally, the analysis with the mercury probe at 10 kHz indicated the C-V 
dispersion characteristics showed in (Fig. 3), from which it was possible to extract a dielectric constant 
of 13.6 and 12.3, for the as-deposited film of 10 nm HfZrO and 10 nm HfO2/ZrO2 multilayers stack 
respectively. The reported results are different from the monoclinic HfO2 phase, stable at room 
temperature, which has a dielectric constant (k) of ~20 to 25, and from the monoclinic ZrO2 phase, in 
which k is ~25 to 30 [3].  
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Figure 1. In plane XRD of the as-deposited 10 nm HfZrO and 10 nm HfO2/ZrO2 multilayers stack. 
 

 
Figure 2. Frontside ToF-SIMS depth profiles of the as-deposited 10 nm HfO2/ZrO2 multilayers stack. 

 

 
Figure 3. C-V characteristics obtained of the as-deposited films. 
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Evaluation of ALD Films of Y2O3, Al2O3 and Their Combinations for 
Hydrogen Permeation Barrier Applications 

Alexandru C. Pavela*, Harold Dekkersa, Pierre Morina, Johan Swertsa, Alexis Franqueta, Valentina 
Spampinatoa, Johan Meersschautt     

a Imec, Kapeldreef 75, Leuven 3001, Belgium 

 

Films of Yttrium Oxide, Aluminium Oxide and various combinations of the two had been deposited on 
a 10 nm thermally grown SiO2 substrate in a thermal crossflow ALD reactor. The depositions were 
done using 300 mm Si wafers at reactor temperatures between 290 and 320 degrees Celsius. 
Aluminium Oxide was considered in this study as a baseline reference, and as a source of crystalline 
order scattering that prevented the crystallization of Yttrium Oxide in its thermodynamically stable 
cubic bixbyite type. The depositions used tris-Ethyl Cyclopentadienyl Yttrium (III) (TECY) and 
Trimethyl Aluminium (TMA) for the metal precursors, and deionized Water and Ozone for the 
oxidizers of the metal precursors. The Ozone generator used a high intake of Nitrogen flow (10% v/v) 
during the generation of Ozone from the Oxygen source. The films had a thickness ranging from 30 
nm to 75 nm, and in a subsequent step, a few selected depositions underwent Oxygen anneal 
treatment for 60 minutes at 500 Celsius degrees. The formulations developed with Ozone had a 
higher content in Carbon and Hydrogen contaminants, than their deionized Water counterparts. 

The combinations of the two metal oxides were delivered in the form of nanolaminates (Fig. 1) and 
co-deposited films. The nanolaminate formulations varied in the Yttrium (III) to Aluminium (III) molar 
ratio, and the structure of their respective super cycles. The classic type of nanolaminates used 5 to 
10, 10 to 10 and 10 to 5 cycles of TECY and TMA, respectively. The other type of nanolaminate 
explored was of the compositionally graded structure, which was designed with a dual, simultaneous, 
and opposite in direction step size gradients of 10% and 20% over a predefined set of composition 
ranges. The compositionally graded nanolaminate was further developed for targeting the maximal 
degree of intermixing of the two metal oxide components. 

All films were subjected to a Deuterium anneal for 5 minutes at 400 degrees Celsius, using a flow of 
10 slm 5% (v/v) D2 in N2. In a different set of experiments, wafer coupons of the same films were 
subjected to an identical anneal treatment, but using H2 instead of D2. The Deuterium exposed films 
were then analysed using ToF-SIMS for the determination of the penetration depth profile. The 
Hydrogen exposed films were subjected to ERD analysis for the quantification of the Hydrogen 
content. All films showed complete penetration of the Deuterium species. The compositionally graded 
nanolaminates that had a higher content in Yttrium Oxide by recipe structure, showed periodic 
modulation of the Deuterium intake, with a parallel evolution of the two signals (Y and D, see Fig.2). 
Also, the bicomponent films of the nanolaminate and co-deposition types made with Ozone and 
subsequently annealed in Oxygen, showed lesser uptake of the Deuterium species when compared 
to the Aluminium Oxide films.       
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Figure 1. Schematic of super cycle for some nanolaminate structures (Y2O3 in yellow and Al2O3 in 
blue): a) 10x to 5x; b) 10x to 10x; c) 5x to 10x; d) compositionally graded with a step size of 20%. 

 

Figure 2. ToF-SIMS profiles of the chemical species present in the analysed sample of a 
compositionally graded nanolaminate with a step size of 10%. 
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SMI layer decomposition - a theoretical investigation on the 
deposition of Al2O3 

 
Patrick Mauea*, Ralf Tonner-Zecha 

 
aLeipzig University, Linnéstraße 2, Leipzig, 04103, Germany  

 
Small molecule inhibitors (SMIs) are an alternative to Self-assembled monolayers (SAMs) for the 
inhibition of non-growth surfaces in area-selective ALD and currently gaining interest for certain 
applications. [1] Their advantage is that they can be applied via the gas phase and might be sterically 
less demanding than SAMs what opens the possibility to develop new processes of AS-ALD.  However, 
like other inhibitor approaches, especially SMIs suffer from the loss of selectivity after a certain number 
of ALD-cycles. [2] Interaction with precursor compounds and the following chemical decomposition of 
the SMI layer can be the reason for such a loss in selectivity (Fig. 1). [2,3] The mechanisms of such 
SMI-layer decomposition are not yet fully understood and further research is necessary to get insight 
into the chemistry behind those processes. [2] Here, theoretical approaches like DFT simulations for 
molecules and surfaces can be a helpful tool to investigate the decomposition of the blocking layer as 
it is difficult to gain insight into the relevant processes on a molecular level, experimentally.  In this study 
the SMI-coverage of a SiO2-surface and its interaction with aluminum precursors and water were 
investigated.  For this the reaction of inhibitor molecules with Al-precursors and water were investigated 
by simulations in gas phase and on the surface.  The energetics of SMI adsorption and the physisorption 
of precursors were also calculated.  Apart from the precursor-SMI interaction the influence of 
dimerization for different Al-precursors was considered and thermochemical data for the dimerization 
calculated. 
 

 
Figure 1: Schematic illustration of the SMI blocking layer on SiO2 and its defects.  Free surface hydroxyl 
groups or reactive functionalities on SMIs resulting from decomposition reactions can initiate growth of 
ALD material (Al2O3). 
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Area-selective ALD/MLD of noble metals and polyimide through 
surface-dependent film nucleation and growth 

 
C. Zhang*, M. Leskelä and M. Ritala* 

 
Department of Chemistry, University of Helsinki, Helsinki, Uusimaa 00014, Finland 

 
In semiconductor industry, there is an urgent need to develop self-aligned thin film patterning processes 
to keep up with the pace of device scaling set by Moore’s law. Conventional photolithography is facing 
unprecedented challenges in terms of more severe edge placement error (EPE) and the rocketing 
manufacturing cost. Area selective atomic layer deposition (AS-ALD) is a self-aligned thin film 
deposition and patterning process that has the capability to realize thin film patterning cost-effectively 
yet without concern of EPE issues. In this work, AS-ALD of noble metals and area-selective molecular 
layer deposition (AS-MLD) of polyimide was achieved through surface-dependent film growth. The 
surface-dependent growth was found in the polyimide process using PMDA and DAH as precursors [1] 
and the noble metal processes using metal β-diketonates, i.e., Ir(acac)3, Ru(thd)3, and Rh(acac)3, as 
precursors with either O2 or air as a coreactant [2]. A range of technically relevant substrate surfaces 
from conductive metals (Cu, Co, Ru) to dielectrics (SiO2, Al2O3, ZrO2, HfO2, SiOC) were studied. These 
surfaces are different from each other in terms of surface termination, catalytic activity, and Lewis 
acidity. These intrinsic chemical differences were found to be efficient in controlling the film nucleation 
and growth, and were therefore utilized to achieve the desired selective deposition. The film nucleation 
and growth were investigated on growth- and nongrowth-surfaces with various characterization 
methods, including SEM, EDS, XPS, ellipsometry, TEM, etc. The selectivity was successfully 
demonstrated on nanometer-scale patterns at optimized deposition conditions (Fig. 1). Furthermore, an 
insight into the selectivity mechanism was obtained based on our experimental observations and 
literature knowledge. 
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a) b) 

Figure 1. Area-selective ALD of noble metals on Cu/SiOC patterns and the schematic drawing 
showing AS-MLD of polyimide on Cu versus native SiO2. 
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Correlating In-Situ Photoluminescence and Ellipsometry: A Novel 
approach to Analyze ALD Materials for Photovoltaic Applications 
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For the last decades, Atomic Layer Deposition (ALD) has undoubtedly become a key technique to 
deposit thin films in various research fields. As the deposition is sequential and self-limited, a high 
control over the films’ thickness can be reached together with a high conformality. Moreover, the 
deposition can be done at low temperatures (below 100 °C) and allows the growth of a large panel of 
materials on different substrates. In the field of PV, ALD films are already used at an industrial scale 
(for instance in PERC solar cells) but their use also extends to buffer layers for CIGS cells, transparent 
conductive oxides (TCO), passivation or charge transport layers (ETL & HTL) for perovskite solar 
cells … [1] 
 
In-situ ellipsometry together with photoluminescence (PL) were considered as relevant techniques to 
correlate film’s growth properties and its functionalization. Indeed, by acquiring Spectroscopic 
Ellipsometry (SE) data, the film’s thickness and optical constants are addressed during the growth [2], 
while its function is determined by analysing PL spectra or PL decays (by Time Resolved 
Photoluminescence TRPL) [3]. While in-situ SE is commonly used during ALD growth, only one 
example of in-situ PL has been developed to our knowledge and none combines the two techniques 
[4], making our approach original. In-situ characterizations would also be very useful for pre-
industrialization, by reducing the number of samples required to totally take advantages of ALD 
specificities and generate highly performant devices. This presentation will introduce our experimental 
set-up in more details, as well as some first analysis results on the growth of ALD thin films on halide 
perovskite solar cells correlating SE and PL measurements (Fig. 1).  
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Fig. 1 a) Experimental set-up with in-situ PL and ellipsometry in an ALD reactor b) ALD growth c) In 
situ ellipsometry - Thickness, optical constants, and growth mechanisms d) In situ PL – 
Functionalization properties (passivation, carrier behaviour) 
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Electronic structure, optical and electrical properties of APCVD 
SnO2 films. Influence of thermal cycling. 
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Tin oxide (SnO2) films were chemically vapor deposited at atmospheric pressure (APCVD) and 
temperatures between 380 and 420 oC on oxidized silicon substrates, using SnCl4 vapors as metallic 
precursor and water or methanol vapors as oxidizers. As seen in Fig. 1, films deposited using methanol 
as oxidizer exhibit significantly enhanced grain size relatively to those with water.  
Electrical and optical properties of films were studied using simultaneously spectroscopic ellipsometry 
(SE) and electrical resistivity (current-voltage, I-V) measurements in air and at temperatures up to 400 
oC. The optical measurements were analyzed using the T-L and the Drude physical models and in this 
way, except of the optical constants also information related to details of the electronic structure of 
these films were obtained, which were correlated to their electrical properties.  
Within the Tauc-Lorentz (T-L) model the imaginary part of the dielectric constant, ε2, is given as a 
function of photon energy, E, by [1]: 

𝜀𝜀2(𝛦𝛦) = 1
𝛦𝛦

 𝛢𝛢𝐸𝐸𝑛𝑛𝐶𝐶(𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔−𝐸𝐸)2

�(𝐸𝐸𝑛𝑛2−𝐸𝐸2)2+𝐶𝐶2𝐸𝐸2�
  for E>EgTL  and ε2(Ε)=0 for E<EgTL 

The real part of the dielectric constant is calculated by Kramers-Kronig analysis integrating ε2 within all 
energies [1]. The physical meaning of parameters, A, En, EgTL and C is shown in Fig. 2 where EgT 
represents the Tauc gap obtained by extrapolating the linear part of the quantity (α.Ε)1/2 to E=0 (α is the 
absorption coefficient). Thus the difference EgTL-EgT gives a measure of the localized electronic states 
within the gap, which is related to the number of oxygen vacancies. The Drude model foresees a 
variation of ε2 of [1]: 𝜀𝜀2 = 𝜔𝜔𝑝𝑝2

𝜔𝜔
 𝛾𝛾
𝜔𝜔2 + 𝛾𝛾2

 where ω is the frequency (proportional to the photon energy, Ε=ħω, 
ħ is the reduced Plank constant), γ the broadening which simulates the friction during oscillation 𝜔𝜔𝑝𝑝2 =

 𝑁𝑁 𝑒𝑒2

𝑚𝑚∗𝜀𝜀0
 is the plasma frequency related to the number of free electrons N, and their effective mass m* (e 

and ε0 are the electron charge and the vacuum dielectric constant respectively). 
The optical modelling turned out to reproduce very accurately the SE quantities (psi and delta) and 
therefore the dispersion of the refractive index (n*=n-ik, real and imaginary part) of SnO2 films at various 
temperatures was obtained. In Fig. 3 n and k dispersions are reported and the corresponding calculated 
transmission spectra for films deposited on glass substrates.  
The density of electronic states near the gap is shown in Fig. 2 and was related to the optical and 
electrical properties of SnO2 films. Thus, it was found that the average energy of optical transitions En 
and the broadening C, related to the average energy distance between VB and CB and to the width of 
the CB respectively, are the crucial parameters that influence the light absorption within the visible 
range of SnO2 films. Thus highly transparent large-grained SnO2 samples exhibit large values of En 
and C. The parameters that influence mostly the surface conduction are the broadening C and the 
amplitude factor A, related to the extent of the overlapping of wave-functions. Small values of these 
parameters, observed for small-grained SnO2 samples, indicate the strong localization of wave-
functions in the CB and high effective mass of electrons therein, which lead to a linear-quadratic shape 
of the I-V curve shown in Fig. 4(a) contrary to large-grained films where linear I-V curves were obtained 
(Fig. 4(b)). The extent of gap states (expressed by the difference EgT-EgTL) decrease fast with heating 
in air and caused shifts of ωp the magnitude and the direction of which also depend on the effective 
mass of carriers, i.e., on the values of A and C [2, 3].   
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Fig. 1. SEM images taken on two APCVD SnO2 samples grown at 390 oC using water (left) and 
methanol (right) as oxidizing agents. Larger grains are can be observed on the latter sample. 

 
 

 
Fig. 2. Schematic representation (not in scale) of the 
actual DOS (solid line) and of that of the T-L model 
(dashed line). 
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Fig. 3. Left, dispersions of the real (upper) and of the imaginary (lower) parts of refractive index of an 
APCVD SnO2 sample grown using water vapor as oxidizer at various temperatures. Right, Calculated 
transmission of the system SnO2/glass substrate for various film thicknesses. Continuous lines 
correspond to the water as-deposited SnO2 films and the dashed ones of the same films after the first 
thermal cycle. Dash-dotted lines correspond to methanol vapor as-deposited SnO2 films. 

  
Fig. 4 Typical I-V curves taken on a water- (a) and a methanol vapor- (b) deposited SnO2 samples 
with thickness of 120 and 90 nm respectively, at various temperatures. 
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The conformal ultra-thin film deposition on high aspect ratio structures has become an indispensable 
demand for the fabrication of next-generation-semiconductor 3D devices, such as 3D NAND and 
DRAM. The state-of-the-art thin film techniques to achieve conformal thin films are chemical vapor 
deposition based, especially atomic layer deposition (ALD) where conformality is considered as an 
inherent property due to the surface limited layer-by-layer growth mechanism. However, the quantitative 
data for conformality of ALD thin film processes is sparse. The conformality, which is also often referred 
as step coverage, requires high aspect ratio (HAR) substrates for characterization. In conventional 
testing approach, the test wafer with patterned and etched vertical cavities is used and the 
measurement is carried out by cross sectional sample preparation and advanced SEM or TEM 
measurements. Unfortunately, this approach is time consuming and highly expensive. However, the 
cross-sectional sampling can be avoided with the use of lateral high aspect ratio (LHAR) test structures 
[1] instead of vertical HAR structures. The LHAR method utilizes faster, and less tedious conventional 
optical thin film analysis tools to measure the film thickness and penetration depth as a function of 
aspect ratio. 
 
An advanced solution for the LHAR method uses the PillarHall® LHAR4 silicon test chips (made 
commercially available by Chipmetrics Ltd) in combination of optical microscopy or line-scan 
spectrometry. Multiple LHAR test structures with variable aspect ratio (up to 10000:1) enable accurate 
determination of maximum conformal aspect ratio as well as the step coverage for any defined aspect 
ratio. The obtained conformality data can be further converted to any target structures with known 
geometrical dimensions and shapes by following the physical modelling, i.e., kinetic model for step 
coverage by atomic layer deposition in narrow holes or trenches by Gordon et al. [2]. The easily 
removable silicon membrane roof in LHAR chips makes the method compatible with conventional planar 
optical metrology tools such as optical microscopy or line-scan reflectometry. Unfortunately, the thin 
film detection limit for white light optical microscope is usually restricted and highly material dependent, 
e.g., for Al2O3 film on silicon substrate the limit is approximately ≥ 20 nm. However, in semiconductor 
devices the film thicknesses are often less; typically below 10 nm. Therefore, it is a need for optical 
analytical tools without compromising the spot size and lateral resolution.  A novel and promising highly 
sensitive, high spatial and lateral resolution film characterization tool for PillarHall can be imaging 
spectroscopic ellipsometry (ISE) [3], i.e., it combines the benefits of both ellipsometry and optical 
microscopy in a single device. The unification of the two technologies creates a metrology tool that 
redefines the limits of both ellipsometric measurements and polarization-contrast microscopy. In this 
study, we implemented for the first time the imaging ellipsometer to characterize the film penetration 
depth (PD) measurements in LHAR for ultra-thin films.  
 
In the current research, two PillarHall® LHAR4 substrates coated via ALD (Beneq TFS-200, 300 °C) 
with ultrathin Al2O3 layers of thickness 5 and 20 nm were used. Samples were characterized using ISE 
(Park Systems, Accurion_EP4), optical microscopy (Olympus MX51) and line-scan reflectometer 
(Filmetrics F40-UVX). The unique features including high spatial resolution, quick and accurate 
detection of film thickness (intrinsic ellipsometric contrast-enhanced microscopy, Fig. 1.) image to 
identify the sub-nanometre thickness makes ISE highly beneficial for LHAR method. Furthermore, the 
possibility to operate the ISE device in wide UV-NIR wavelength range allows the measurement of film 
thickness and penetration depth profile for ultra-thin films even through the LHAR silicon roof. The initial 
results of the measurements through silicon roof are promising and will be the topic for further studies. 
The current study showed the benefits of using PillarHall® LHAR4 substrates in combination of imaging 
ellipsometer for accurate conformality measurement independent of film thickness or material. The 
imaging ellipsometer expands the PillarHall use to film thickness ranges below 10 nm and we foresee 
that the combination will improve the accuracy of the conformality studies considerably.  
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Fig.1. Imaging ellipsometer results for a 5 nm thick Al2O3 grown on the PillarHall® LHAR4 substrate. (a) 
Spectroscopic ellipsometer image after peeling off the top silicon roof from LHAR substrate. 
(b)Thickness mapping obtained from the same film, indicating the conformal growth area matching with 
the penetration depth. The arrows indicate penetration depth at 50% of film thickness (PD50%). 
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Vertical GaN-based switching transistors are currently receiving increased attention as an alternative 
to Si and SiC-based devices. Vertical fin metal insulator semiconductor field effect transistors (finFETs) 
are among the most promising GaN-based power switching transistor architectures.[1] For secure 
typically OFF operation, a broad gate positive voltage span up to 10 V and a stable threshold voltage, 
power switching devices need reliable gate insulators. For this reason, an Al2O3 ALD layer is often used 
as a gate insulator because of its relatively high permittivity, large band gap, and high breakdown 
electric field. Jackson et al.[2] demonstrated that different wet surface treatments of GaN prior to Al2O3 
ALD influence the chemical composition and affect the electrical device performance. In this work, in 
vacuo X-ray Photoelectron Spectroscopy (XPS) is used to study the GaN surface during plasma pre-
treatment and during the initial ALD cycles for both thermal (using water as precursor) and plasma-
enhanced (using O2-plasma) ALD growth of Al2O3 onto GaN, without exposing the sample to air. 
 
First, the effect of the plasma treatment prior to ALD is investigated. Both NH3- and H2-plasma pre-
treatment can successfully remove spurious carbon contamination from the pristine GaN surface while 

a 30 min heat treatment at 400 ⁰C alone is not sufficient (Fig. 1). In addition, NH3-plasma is found to 

remove a large fraction of the oxygen species that are present on the pristine GaN surface. After both 
plasma pre-treatments, the formation of N-H species is observed in the N1s spectra. In the case of NH3-
plasma these N-H species are not removed from the surface after the first ALD half-cycle (i.e. exposure 
to trimethylaluminium (TMA)). Both the C1s and Al2p XPS spectra after TMA exposure are consistent 
with the adsorption of TMA to the surface (data not shown here). During the second ALD half-cycle, the 
TMA treated surface is exposed to water (for thermal ALD) or O2-plasma (for the plasma-enhanced 
ALD process). In both cases, the data (Fig. 2) is consistent with the growth of Al2O3. Water exposure 
removes most but not all of the adsorbed TMA ligands from the surface, while O2-plasma is found to 
offer sufficient reactivity to remove all detectable carbon. Further it is observed that the O concentration 
in the near-surface region increases dramatically after O2-plasma exposure. This increase coincides 
with the formation of O-Al, O-Ga and NO-Ga species on the surface. 
 
Electrical data show that the density of trap states is lower for the NH3-plasma treated samples, which 
could possibly be assigned to the enhanced removal of GaxOy of the pristine GaN surface.[3] In addition, 
more trap states were observed for samples deposited using the thermal ALD process. Possibly these 
are caused by the presence of carbon impurities, caused by the incomplete removal of the TMA ligands 
by water as detected by XPS. For the plasma-enhanced ALD process more hysteresis is observed 
between the forward and reverse bias stress sweep CV cycles indicating a high content of stress indued 
interface traps. This might be explained by the presence of oxygen defects created during the O2-
plasma pulse. The best electrical data were achieved when combining a NH3-plasma pre-treatment, 
followed by initial Al2O3 growth using thermal ALD, and then switching to plasma-enhanced ALD to 
thicken the Al2O3 layer. 
 
This work was funded by the ECSEL JU Grant No 101007229. The JU receives support from the 
European Union’s Horizon 2020 research and innovation program and Germany, France, Belgium, 
Austria, Sweden, Spain, Italy. 
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Figure 1 In vacuo XPS spectra acquired after heat pre-treatment and no plasma (top), NH3-plasma 
(middle) and H2-plasma (bottom) of a n-GaN surface. 

 
 

Figure 2 In vacuo XPS spectra acquired after water exposure (top) and O2-plasma (bottom) during 
respectively the thermal and plasma-enhanced Al2O3 ALD process on a H2-plasma pre-treated GaN 
surface. 
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Group III nitrides are materials with unique physical properties for light emitting devices as well as high-
frequency electronics devices [1]. Due to these unique physical properties, a lot of research has been 
carried out in recent years to make group III nitrides compatible to CMOS technologies. III-nitrides and 
CMOS technologies need to be combined on the same die to make realistic miniaturization on the same 
chipset of several functionalities for sensors, actuators, energy harvesting, RF amplifier, signal 
treatment, machine learning and wireless communication on the mmWave frequency ranges of 5G. 
Since such devices are small, low power consumption and can be integrated with CMOS technology, 
the latter becomes highly promising for IoT (Internet of Things) applications. To achieve this goal, 
growth temperatures of the nitride films need to stay below 450°C in order not to interfere with CMOS 
circuitry [2]. Advances in research on Atomic Layer Deposition (ALD) and Physical Vapor Deposition 
(PVD) processing of III nitrides suggests low temperature deposition of thin films compatible with this 
thermal requirement. At the current stage, the associated physical properties do not yet fully achieve 
expectations [3,4]. PVD magnetron sputtering, for instance, is a deposition method known to be difficult 
for delivering thickness control at the nanometre scale leading to a weaker control of thin film 
thickness [5]. ALD deposition on the other side offers a unique control and reliable stoichiometry and 
conformality of the film in comparison to PVD. Thus, the self-limiting process of growth allows an 
excellent uniformity and thickness control of the film in a wide temperature window. Currently, literature 
about nitride deposition by ALD is much less extensive than that of the oxide processes [6]. 
Recently, it has been shown that Plasma Enhanced (PE) ALD deposited AlN films can be grown at 
250 °C with a high quality (002) orientation while maintaining piezoelectric response [7]. In this 
publication, it was shown that the preferred orientation can be changed between an (100) oriented film 
and an (002) oriented film depending on process parameters such as the purging time between the 
precursor delivery and the plasma discharge. This opens the promising way of processing wide 
bandgap nitride thin film at growth temperature compatible with CMOS circuitry. The semiconductor 
industry is highly demanding for the manufacture of oriented nitride thin films below 100 nm. Hence, 
advanced characterizations are mandatory for the investigation of film thickness, strain, crystal growth 
and orientation as well as average crystallite domain size. In this work, we investigate the influence of 
the purging time as a growth parameter onto the III-nitride films. Specific characterisation methodologies 
based on X-Ray Diffraction (Fig. 1), Transmission Electron Microscopy (Fig. 2), and X-ray 
Photoelectron Spectroscopy will be detailed about the crystal growth, the strain and the quantification 
of the film quality. Apart from AlN and GaN, various other nitride films, deposited by PE-ALD, are 
presented. 
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Fig 1.: XRD spectra of textured III-nitride thin films recorded in grazing incidence deposited using 3 
different processes. The planes of the main reflection peaks observed are marked. 
 

 
Fig. 2: TEM image of 30 nm thick AlN film deposited onto a silicon <100> substrate. The inset shows 
the diffraction pattern of the textured polycrystalline AlN film. 
 
 
Reference list: 
1. Website: https://vandewalle.materials.ucsb.edu/research/nitride-semiconductors  (last viewed on 

04/01/2022). 
2. S. Kizir et al., Substrate impact on the low-temperature growth of GaN thin films by plasma-assisted atomic 

layer deposition, J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 34 (2016) 041511. doi:10.1116/1.4953463. 
3. C. Ozgit et al., Atomic layer deposition of GaN at low temperatures, J. Vac. Sci. Technol. A Vacuum, 

Surfaces, Film. 30 (2012) 01A124. doi:10.1116/1.3664102. 
4. A. Prabaswara, et al., Review of GaN Thin Film and Nanorod Growth Using Magnetron Sputter Epitaxy, 

Appl. Sci. 10 (2020) 3050. doi:10.3390/APP10093050. 
5. C. Liu et al., Plasma-enhanced atomic layer deposition of AlN epitaxial thin film for AlN/GaN heterostructure 

TFTs, IEEE Electron Device Lett. 34 (2013) 1106–1108. doi:10.1109/LED.2013.2271973. 
6. R.W. Johnson et al., A brief review of atomic layer deposition: From fundamentals to applications, Mater. 

Today. 17 (2014) 236–246. doi:10.1016/j.mattod.2014.04.026. 
7. T. Nguyen et al., APL Materials 8, 071101 (2020). 
 

* Corresponding author e-mail:  yves.fleming@list.lu 

235

https://vandewalle.materials.ucsb.edu/research/nitride-semiconductors
mailto:yves.fleming@list.lu


Characterization Method of Sticking Probability for Various ALD 
Chemistries Relevant for Artificial Solid Electrolyte Interphases 

 
Léo Lapeyrea*, Krzysztof Mackosza, Wojciech Szmyta,b, Laszlo Pethöa, Johann Michlera, Patrice 

Raynaudc, Ivo Utkea 
 

a Empa, Feuerwerkerstrasse 39, CH3602 Thun, Switzerland 
b EPFL, Station 17, CH1015 Lausanne, Switzerland 

c LAPLACE, Université de Toulouse, CNRS, INPT, UPS, 31062 Toulouse, France 
 

With the increasing demand for longer life time and safer batteries, atomic layer deposition (ALD) has 
become the method of choice for the synthesis of artificial solid electrolyte interfaces [1-3] (SEIs) due 
to its outstanding thickness control and conformality of deposited films, allowing the surface modification 
of porous cathode active material (CAM) from batteries electrodes in a unique way. In this context, the 
ALD process has to be optimized in order for precursors to diffuse in the high aspect ratio (AR) and 
porous 3D structures of CAMs, aiming for the full coverage of the active material. Namely, the diffusivity 
of precursors must be maximized to ensure a proper insulation of the CAM by the ALD thin films and 
prevent the CAM degradation induced by the electrochemical reaction with the electrolyte. 
 
Szmyt et al. (2022) [4] developed a set of scaling laws describing the different ALD regimes (reaction- 
or diffusion-limited) and their corresponding surface coverage with respect to coating depth and sticking 
probability. Eq. (1) shows the expression of the coverage in the diffusion-limited regime, i.e. the 
dominating regime when depositing on high AR and porous substrates. 

 
With 𝜃 - the surface coverage, 𝜆c - the reaction front width, 𝐿 - total length of the pores, 𝑛0 - the substrate 

surface sites density, 𝐽 - the flux of molecules to surface, 𝛽0 - the sticking coefficient and 𝑡 - the time. 
From coverage profiles, this regime allows to determine the sticking probability of precursors, by 
measuring the coverage profile of the chemisorbed film and obtaining 𝜆𝑐. Consequently, the relation 

between 𝜆𝑐 and the sticking coefficient 𝛽0 described by Eq. (2) enables us to determine 𝛽0.  
 

𝜆𝑐 =
4

�̅�
√

2

3𝛽0
 

 

(2) 

Where �̅� is the surface area to void volume ratio.  
In our work, we apply this model to porous Si structures (series of cylindrical holes, see Fig. 1), allowing 
to determine the reaction front of the coating inside the pores. The penetration depth and, therefore, 
the sticking coefficient of given precursors can be determined, following Eq (2). By selecting specific 
ALD process parameters, such as the precursor pressure and the exposure time in the reactor, the 
penetration depth and coverage rate can be maximised. The influence of substrate temperature on the 
chemisorption probability is additionally investigated, in the objective of modifying the ALD regime and 
improve the conformality of deposited films. This optimisation step is then applied to various ALD 
processes involving different precursors and coating materials, including Li-based films.  
  
 

𝜃(𝑡) =
𝜆c
𝐿
√
𝐽𝛽0
𝑛0

𝑡 (1) 
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Figure 1 Cross-section topography of porous Si substrate coated with SnO2 by ALD. The pores opening 
and the holes depth are about 2 and 100 μm, respectively, providing an aspect ratio of 50. Pictures 
were acquired by scanning electron microscope (SEM) employing in-beam back scattered electron 
sensor.  
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Aluminium oxide thin films deposited by using the atomic layer deposition (ALD) technique on p- and 

n-type Si can be widely used in photovoltaics and modern microelectronics. In photovoltaics the 
passivation properties of alumina layers should be usually activated by annealing at around 350-450 
°C. Such annealing steps lead to the reduction of the surface recombination velocity and to the increase 
of the density of negative charge. However, the existence of the negative charge in alumina layers could 
be undesirable for other microelectronic applications such as capacitive micromachined ultrasonic 
transducers or bimorph actuators where the shielding effects should be avoided. In the present study 
we analyze the electrical and passivation properties of alumina layers deposited by ALD with different 
precursors at different temperatures. We demonstrate that the effective surface recombination velocity 
is below 2 cm/s in all as-deposited alumina layers independently on the deposition conditions. However, 
it is significantly smaller in Al2O3 layers prepared with water in comparison to those prepared with 
ozone. We correlate this observation with the higher density of the interface states in alumina samples 
deposited with ozone as obtained from impedance measurements performed at different ac frequencies 
and at different biases. We also observe a significantly larger density of the negative fixed charge in 
alumina layers deposited with ozone whereas the leakage currents in these alumina films are 
significantly lower in comparison to the layers prepared with water. We analyze the conduction 
mechanisms in the films and discuss the origin of the negative charge. In addition, the influence of the 
annealing temperatures on the density of the negative fixed charge in Al2O3 layers is investigated. 
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Sequential Infiltration Synthesis (SIS) is a vapor-phase infiltration technique, derived from atomic layer 
deposition (ALD) on polymers, that is widely employed for the fabrication of hybrid organic-inorganic 
materials and/or inorganic nanostructures starting from a polymer template [1]. During SIS, an organic 
matrix is alternatively exposed to a precursor and a co-precursor of the inorganic material. The exposure 
steps are intercalated by purge in N2 flux to remove un-reacted molecules and reaction by-products. 
The SIS process is quite complex as it involves several thermally activated physico-chemical 
phenomena: (1) sorption of the precursor molecules, (2) diffusion and (3) subsequent entrapment of 
the absorbed precursors into the polymer matrix. Understanding these fundamental phenomena is 
crucial to tune and maximize the incorporation of the inorganic species, potentially increasing SIS 
applications [2]. In this work, in-situ real-time dynamic spectroscopic ellipsometry (SE) is used to study 
the effect of temperature (70-110°C) in the case of the well-studied SIS process for the Al2O3 growth 
into poly(methyl methacrylate) (PMMA) thin films infiltrated by trimethylaluminum (TMA) and water 
(H2O). By monitoring the evolution of the film thickness and refractive index during the first SIS cycle 
(Figure 1a), it is possible to obtain qualitative and quantitative information about the different 
phenomena occurring during the SIS process. In particular, according to Henry’s law, the sorption of 
TMA molecules leads to an increase in PMMA thickness that is directly proportional to the concentration 
of TMA molecules in the films. Therefore, by properly fitting the sorption coefficient (Smax) with Van’t 
Hoff equation it is possible to estimate the sorption enthalpy of the process [3][4], as shown in Figure 
1b. Moreover, the initial thickness evolution during TMA exposure shows a time dependence 1/t1/2 which 
points to a Fickian diffusion behavior of TMA molecules [5]. Accordingly, the diffusion coefficient (D) 
can be determined by fitting the swelling curves ε(t) reported in figure 1c by the following equation: 

𝜀(𝑡)~4𝜀𝑚𝑎𝑥√𝐷 𝜋⁄ √𝑡 ℎ0
2⁄  

where h0 and εmax are the initial thickness of the PMMA film and the maximum swelling. The extracted 
D values correspond to effective diffusion coefficients since they describe a process with diffusion and 
reaction of TMA molecules taking place simultaneously during the TMA exposure step [3][6]. 
Accordingly, these D values are expected to be lower than pure diffusion coefficient due to the reduction 
in diffusion flux. By fitting the effective diffusion coefficient to an Arrhenius-type relationship, the 
activation energy of the diffusion process is determined, as shown in Figure 1d. Finally, the analysis of 
the purge step after TMA exposure indicates that the PMMA layer thickness decreases due to the out-
diffusion of un-reacted TMA molecules. This thickness evolution is well described by an exponential 
function with a characteristic decay time τ [5]. The τ values at different temperatures are reported in the 
inset of figure 2. Accordingly, the residual thickness and, consequently, the residual swelling ε∞ after an 
infinite purging time is extrapolated. The ε∞ value is directly associated to the TMA molecules covalently 
bonded to the PMMA matrix. Figure 2 reports εmax and ε∞ values as a function of temperature, showing 
that the fraction of TMA molecules chemically trapped in the polymer is fairly constant. In conclusion, 
monitoring the real-time thickness evolution of the PMMA film during the SIS process by in-situ SE 
allows to fully characterize the phenomena involved in the SIS process. This study sheds light on the 
role of temperature in this system and provides information to better tailor the process parameters.  
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Figure 1. (a) Thickness evolution of 180 nm thick PMMA layer during the 1st SIS cycle at 90°C. In the 
inlet the refractive index at 632.8 nm evolution. Dotted lines are reported to distinguish the process 
steps. (b) Van’t Hoff plot of the maximum TMA solubility in PMMA as a function of the SIS process 
temperature. Sorption enthalpy based on the Van’t Hoff slope is reported. (c) ε(t)/εmax curves during the 
1st TMA exposure phase as a function of √t/h0 for all saturated PMMA thicknesses at the SIS process 
temperature (d) Effective diffusion coefficient of TMA in PMMA as a function of the temperature. The 
diffusion activation energy based on the Arrhenius slope is reported.  

 
Figure 2. Maximum swelling percentage during the TMA hold step and residual swelling percentage 
after infinite purging time as a function of the SIS process temperature. In the inlet the characteristic 
desorption time (τ) as a function of the SIS process temperature during the 1st cycle TMA purging step 
in PMMA films. 
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      Polycristalline silicon carbide (3C-SiC) can have multiple applications in harsh or high temperature 
environment owing to its outstanding strength, hardness, thermal shock resistance and inertness. 
Chemical vapor deposition is used for the production of pure and dense polycrystalline SiC coatings on 
various substrate compatible with the required temperature range for deposition (900°-1500°). For 
instance, deposition on graphite can serve as a protective coating for high temperature applications 
such as semiconductor annealing or doping furnace. Coating on C/C composites intended for use in 
aerospace industry could protect them against oxidation and mechanical erosion. Deposition on silicon 
allows the fabrication of structure for MEMS applications dedicated to harsh environment applications 
where standard silicon-based MEMS would fail  [1]. Production of thick free-standing polycrystalline film 
can also serve as substrate for the production of quasi-wafer intended for power electronics 
semiconductor industry  [2].  
      When deposited by CVD at a temperature above 1100°C, preferential orientations often form in 
polycrystalline SiC according to the Van der Drift mechanism  [3], most of the time <111> or <110>. 
Among the critical properties for the final coating, many of them depends on the preferential orientation 
such as hardness  [4] young modulus  [4], and surface quality after polishing  [5]. For all these reason, 
understanding preferential orientation formation, and relate it with process parameters is of key 
importance.  
      In spite of an extensive number of studies, the origin for these orientations are still in debate  [6–
10]. While most authors agree for the <111> orientation, stating that the selection of the {111} planes is 
due to a low surface energy and a high number of Si-C pair, the origin for the <110> orientation is less 
understood. Some authors propose that the selection of this orientation is made by a twin mediated 
growth, also referred as TPRE mechanism  [7,11,12]. Their hypothesis is mainly based on 
morphological observations but lack of characterization at the grain scale. To fill this gap, we performed 
thorough EBSD characterization of the <110> oriented films. EBSD revealed a very high fraction of twin 
boundary (Σ3), up to 60% for the <110> oriented samples. Pentagonal cluster of grains separated by 
high angle grain boundary were visible, in which mainly Σ3, Σ9 and Σ27 CSL GB coexist. Pole figure on 
these clusters confirmed a double pseudo 5-fold symmetry axis, typical of a cross-twinned structure in 
FCC crystal although a much higher number of grains were visible in these cluster.       
      Overall, we propose a growth scenario taking into consideration the deviation from a perfect cross-
twinned structure.  
      We also try to relate the switch from one orientation to another to the growth mechanism associated 
with the change in temperature in our hot-wall CVD reactor (1070°C to 1500°C). This was done by 
characterizing the microstructure at different position in the deposition chamber in a single experiment.   
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Fig. 1: SEM-secondary electron surface morphology observation of samples taken at position 3, 6, 9 , 
12 , 15 cm. The corresponding temperature are 1070°C, 1250°C, 1390°C, 1460°C and 1490°C. 

 

 
 
Fig. 2: EBSD Inverse pole figure map for sample taken at 15 cm (a) and at 12 cm (c) and the 
corresponding grain boundary maps (b), (e). (c) shows CSL relationship in a cluster of 4 twinned 
grains. Orientations are given along axis A3 in the IPF maps. 
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The nucleation of ALD metal layers shows several key problems, among others, are nucleation delay 
and island growth, which prohibit the formation of thin compact metal films. To shed more light on the 
process of nucleation, we have performed a comprehensive study of the early growth stages of copper 
films prepared by means of the ALD. For the metal precursor, the general view is that electron-rich 
surface sites are required for its dissociative adsorption and thus for high nucleation density: metals, 
suboxides, hydroxyl-free substrates or reducing agents like the hydride anion. Delay in the steady-state 
growth is a common observation attributed to the changing surface during the first few ALD cycles [1]. 
This suggests that not only the starting surface but also that of the growing film needs to be 
characterized in-situ for insight into nucleation, coalescence, and film formation. 
 
Based on the protocol reported by the group of Karppinen [1] Cu(dmap)2 and HQ were used to grow 
copper, varying the growth temperature in the range of 120-160°C. Copper layers were probed globally 
using synchrotron methods: (X-ray Absorption Spectroscopy and X-ray Fluorescence) and locally using 
microscopic methods (Scanning Electron microscopy and Transmission Electron Microscopy). The 
results show island growth irrespective of substrate type for a few hundreds of ALD cycles. Coverage 
density, distribution of island size and chemical composition differs depending on growth conditions. 
However, for the first stage of copper film growth, the key element is to determine the oxidation state of 
the layers. We have resolved mixed compositions varying from metallic copper to copper oxide based 
on TEM studies. Both Cu(I) and Cu(II) oxides are present. It is uncertain whether the oxide phase was 
deposited or it is formed upon exposure to air during samples transfer from ALD reactor to TEM 
experimental chamber. 
 
Systematic ex-situ XAS investigations of naturally air-exposed Cu films, deposited by means of ALD 
performed at the PIRX beamline at the Solaris synchrotron confirmed the rapid surface oxidation by air 
of copper films. They revealed the reduction of Cu under X-ray irradiation in majority of the studied films. 
Both effects were significantly more pronounced in early ALD nucleation of Cu films, which shows the 
necessity of in-situ and operando measurements (without breaking vacuum) and mitigating the 
irradiation effects. We aim to track the evolution of chemical composition as a function of coverage with 
a particular focus on the possible formation of metallic copper at any stage of the deposition process. 
 
Our planned studies, together with SEM/TEM support, provide a comprehensive understanding of the 
nucleation process, which is the key mechanism to understanding the growth of ultrathin metallic Cu 
films by ALD 
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The growing interest of spatial atomic layer deposition (ALD) grown thin films in semiconductor industry 
leads to a search for precise optical characterization techniques such as spectroscopic ellipsometry 
and reflectometry. Imaging spectroscopic methods provide not only thickness and optical properties, 
but also enables to determine surface homogeneity variation over the given area. With its microscope 
type configuration, Semilab imaging spectroscopic reflectometer is sensitive enough to detect thickness 
variation in sub-nanometer scale, with high resolution and fast scanning speed. These techniques 
enable not only thickness and optical properties determination, but also high-resolution surface images, 
as compared to conventional optical metrology of 3D thin film conformality [1].  
 
The studied samples were deposited by spatial atomic layer deposition (SALD) [1] using different 
deposition heads. The ZnO lines were obtained using Diethylzinc (C2H5)2Zn (DEZ) and water using an 
SALD pen instead of the standard head, as described previously [4]. It is demonstrated that by cross 
scanning over different regions of ZnO surface, a large thickness variation is observed: a maximum 
thickness measured at the edge and center of ZnO deposited line was 213.9 nm and 381 nm, 
respectively. Fig. 1 shows the SALD microscope image and optical thickness 2D map by using imaging 
spectroscopic reflectometer (iSR). 
PillarHall test chips were also characterized to determine the penetration depth and get uniformity 
information. Fig. 2 shows the deposited layer uniformity and penetration information using iSR method. 
 
Overall conclusion is the atomic layer deposition can be characterized by iSR/iSE [4,5] metrology 
including high lateral resolution imaging system and wide wavelength range monochromator provided 
reflectivity measurement at given wavelengths. The reflectivity versus wavelength is evaluated by 
model-based approach. The specification and advantage of the method over the conventional scanning 
methods are discussed.  
 
 

   
A surface image of SALD grown ZnO taken with 
Imaging spectroscopic reflectometry.  
Red boxes indicate the scanning region.  

A plot of thickness variation over the scanning 
area. Lateral resolution is 10 μm in x direction 
and 5 μm in y direction. Total Field of View is 100 
by 100 μm 

    Fig. 1 Spatial ALD application 
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PillarHall LHAR4 silicon test chip contains 
Lateral High Aspect Ratio test structures for 
ALD and CVD thin film characterization. 
 

Deposited layer uniformity check over 100 by 70 
μm. The scale is given in pixels on CCD camera. 

Fig. 2 Pillar Hall application 
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ALD and CVD processes are cornerstones for the semiconductor technology. During their development 
it is essential to have access to sensitive characterization techniques to probe the elemental, structural, 
electronic, and optical properties of the developed materials. Over the years, ion beam analysis has 
proven to be a valuable tool to obtain complementary quantitative information about the deposited 
materials. In this contribution, we will review the different experimental approaches in ion beam analysis 
that are being used at imec, and how they may contribute to the development of new ALD and CVD 
processes.  
 
Rutherford backscattering spectrometry (RBS) is a well-known ion beam analysis method. The method 
relies on impinging a highly energetic beam of light ions, typically He+, on the sample, and one detects 
the energy and intensity of the backscattered light ions. RBS is sensitive to the areal density (atoms / 
cm²) of elements heavier than the substrate in a wide range of thicknesses. It has been used to 
determine, for example, the growth per cycle, or the surface-dependent growth inhibition. Besides, 
Rutherford backscattering spectrometry in channeling mode can be used to probe the epitaxial 
properties or defect density of a thin film. Recent advancements of Rutherford backscattering 
spectrometry are the use of multi-detector data-acquisition [1] and using modern data-analysis 
algorithms [2]. Also, we have demonstrated the potential of Rutherford backscattering spectrometry to 
probe the area-selective deposition on patterns of nanostructures [3]. 
 
Elastic recoil detection analysis (ERD) is another ion beam analysis technique which has strongly 
supported the ALD and CVD communities. Here, a beam of high energy heavy ion projectiles impinges 
on the sample at a shallow angle, and one detects the ions of the sample that are recoiled in the forward 
direction. If one uses a two-parameter detection system, like the simultaneous detection of time-of-flight 
and energy (ToF-E), then it enables the accurate quantification of the atomic fraction of the various low-
Z elements in the layer simultaneously. ToF-E elastic recoil detection analysis is often used to quantify 
– reference free – the stoichiometry of layers containing for example hydrogen, carbon, nitrogen, and 
oxygen.  
 
In certain cases, nuclear reaction analysis (NRA) may prove to be very useful. The resonant nuclear 
reaction occurs when certain energetic ions collide with other specific nuclei in the target, and a nuclear 
reaction is occurring. A given nuclear reaction is very sensitive to probe one specific element. We use 
a proton beam to measure 11B and 27Al, and a 15N ion beam to profile hydrogen in the samples. 
 
We will give an overview of the ion beam analysis techniques at imec. We will also present recent 
improvements and new capabilities.  
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The deposition of ultra-thin metallic cobalt films is an ongoing topic of research. Cobalt is a promising 
candidate to replace copper in modern interconnect systems with feature sizes below 20 nm.[1] Another 
application is the use of metallic cobalt in the nanometre scale in magnetic sensors.[2] Especially the 
atomic layer deposition (ALD) gives the opportunity to deposit thin films homogeneously even in 
structures with a high aspect ratio or small feature sizes.  
 
Thermal ALD processes for metallic cobalt require typically temperatures of at least 150 °C [3]–[5], 
while plasma enhanced (PE) ALD processes are reported for temperatures above 100 °C.[6], [7] Here, 
we present the development of a low temperature PEALD process with an ALD window in the 
temperature region between 50 °C and 110 °C. 
 

For the deposition of cobalt we used Co2(CO)6HC≡CC5H11 as precursor. A schematic sketch of the 

structure of the complex is shown in  
. The synthesis and the basic characteristics had been described by Georgi et al. [8]. The process 
development took place in a scia Atol 200 machine from scia Systems GmbH. The precursor was 
evaporated by bubbling. The second precursor pulse was a hydrogen plasma pulse. Both pulses were 
separated by purging with pure Argon.  
 
Figure 2 shows the temperature dependence of the developed ALD process. The growth rate is mainly 
temperature independent in the investigated region. The measured growth per cycle is roughly 
0.1 Å/cycle for temperatures between 50 °C and 110 °C. For higher temperatures the deposition rate 

rises. This is likely correlated to a precursor decomposition at the substrate surface. This means, that 
the typical self-limiting behaviour of an ALD mode is not present anymore. This has been verified by 
continuous processes with the cobalt precursor only in a thermal induced process in CVD-mode 

(Chemical Vapour Deposition). Here, a deposition rate of 0.3 Å/min was measured. 

 
The films had been analysed by X-ray photoelectron spectroscopy. Figure 3 shows the normalised 
spectra of a reference CVD process and an optimised ALD process in comparison. The precursor 
decomposition in CVD mode resulted in a film with high carbon and oxygen contamination. The line 
shape of the cobalt peak shows that the cobalt is in an oxidised state. However, the ALD process with 
H2 plasma pulse resulted in a film with metallic cobalt with low contamination of oxygen and carbon.  
 

 
Figure 1: Schematic structure of the used cobalt precursor [Co2(CO)6HC≡CC5H11]. 
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Figure 2: Temperature dependence of the deposition rate of the metallic cobalt ALD process. 

 

 
Figure 3: Normalised XPS spectra of the cobalt peaks of deposited films with an ALD process at 

85 °C and a CVD process at 125 °C. 
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Atomic layer deposition (ALD) of metals offers great opportunities in many fields, from catalysis to 
microelectronics, due to potential advantages to deposit ultra-thin films in complex structures. While 
ALD of metals has been demonstrated for a large range of materials [1], the deposition mechanism is 
usually not well understood, which limits the technique for large scale production. Silver is one example 
of highly interesting materials for its optical and electrical performances, and the deposition of highly 
uniform and conformal conductive ultra-thin Ag films is of great interest due to the miniaturization and 
three-dimensional architecture of semiconductor devices [1,2]. Although ALD of silver has been 
investigated by several groups recently, it is usually limited to discontinuous films made of islands [1,3]. 
 
We have investigated the conformal deposition of silver films by plasma-enhanced atomic layer 
deposition (PE-ALD) using lateral horizontal aspect ratio (LHAR) microstructures from Pillarhall® and 
compared it with a new process involving pulsed-plasma chemical vapor deposition (PP-CVD) and post-
processing, showing conformal deposition of ultra-thin conductive silver films [4]. While the standard 
PEALD process shows an exponential decrease of the deposited material in the LHAR structure, 
presumably limited by the recombination of plasma radicals on the walls, our new approach 
demonstrates high conformality of the deposited film on complex lateral high aspect ratio structures (up 
to 100). Moreover, the obtained layer remains continuous inside the structure. More than showing the 
limitations of ALD of metals, the use of LHAR can further give important information on the deposition 
mechanisms, including diffusion and reaction kinetics [5]. 
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Atomic Layer Deposition (ALD) is one of the most suitable and promising techniques for the fabrication 
of uniform, ultrathin films. Based on sequential self-limiting surface reactions, ALD allows to achieve 
homogeneous and conformal thin films with thickness control.  
However, while metal oxides ALD is already a well-established fabrication process, the ALD of 
elemental metals faces several challenges: lack of the mechanistic understanding of the reactions in 
control, poor nucleation, difficulty in the reduction of the metallic center, and tendency to island growth. 
These are issues that metal ALD is still facing [1]. Copper ALD has been studied extensively for several 
advanced technologies as copper has a good electrical and thermal conductivity. 
We investigated the deposition of metallic copper on (300 nm) SiO2/Si substrates and TEM carbon 
membrane grids.  
The copper thin films were deposited using Cu(dmap)2 (C10H24CuN2O2) as the source of copper, while 
two different compounds were tested as the reducing agent; diethyl zinc Et2Zn, a metal-containing 
reactant, and hydroquinone HQ (C6H6O2), an organic reducing agent. 
The two different reducing agents employed in these ALD processes enable us to study in detail the 
role of the reactant and to evaluate its influence on the reaction mechanism (Fig. 1 – Fig. 2). The choice 
of the reducing agent could be the key to achieve a controlled Cu deposition.  
 

SEM imaging was used to evaluate the morphology of the Cu films deposited on SiO2/Si (300 nm) 
substrate, while composition analysis was carried out by SEM-EDX. The characterization reported here 
(Fig. 3), illustrates the film nucleation observed during the two ALD processes (same number of cycles 
and same Cu precursor and reducing agent pulse time used). During the Cu(dmap)2 and HQ process, 
3D islands were observed which can coalesce to form a continuous film by increasing the number of 
cycles performed. In general, this type of growth occurs when the metal adatoms are much more 
strongly bound to each other than to the substrate, as is often the case for metal films on SiO2 substrate. 
The ALD process of Cu(dmap)2 and Et2Zn occured in as a more compact film; however, the resulting 
film is characterized by zinc contamination, as shown in the EDX analysis. 
 

We also studied the nucleation process with conventional ex-situ TEM for the the Cu(dmap)2 + HQ ALD 
process on the TEM carbon membrane grid. (Fig. 4). Thanks to this approach, imaging, diffraction and 
microanalytical information were easily obtained and then combined to give detailed information. 
In agreement with SEM imaging in Fig. 3a, the ALD process results in 3D island growth. By TEM a 
bimodal size distribution of the crystal Cu particles was resolved. Moreover, diffraction analysis 
confirmed the crystallinity of the Cu particles. A quick sample transfer between ALD reactor and TEM 
reduced the post-oxidation at ambient conditions. 
 

 
 
 
 
 
 
 
Fig. 1: Reduction of Cu(dmap)2 by Et2Zn through ligand exchange and subsequent reductive 

elimination process. [2] 
 

 
 

 
 
 
 
Fig. 2: Reduction of Cu(dmap)2 by HQ through a redox reaction with the formation of metallic Cu [3].  
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: SEM imaging and EDX characterization of Cu thin film obtained by using a) Cu(dmap)2 + HQ, 
b) Cu(dmap)2 + Et2Zn. The oxygen peaks are due to oxidation at ambient atmosphere after 
ALD. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4: TEM image and diffraction analysis of crystal Cu deposited by the ALD process Cu(dmap)2 + 
HQ on TEM Carbon grids. A bimodal size distribution is observed. 
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Ruthenium thin films are garnering interest as next-generation interconnects to replace Cu in future 
nanoelectronic devices. Especially in the back end of line (BEOL) and middle of line (MOL), ongoing 
scale down has motivated alternative metallization approaches such as semi-damascene in which Ru 
outperforms Cu and Co.[1] Here, main advantages of Ru over other interconnect materials comprise 
high resistance towards electromigration allowing designs without barrier layers as well as high 
resistance towards scaling effects.[2,3]  
For thin film fabrication, chemical vapor deposition (CVD) has been established as one of the most 
viable approaches to deposit coatings of a plethora of material systems, including metals, in thicknesses 
as low as sub-nanometers. A paramount factor in each CVD process is the choice of precursor: Its 
specific chemistry in interplay with substrate surfaces and co-reactants savors high relevance regarding 
layer formation and material quality. A review of the current CVD processes for Ru shows that a 
considerable number of often closely related precursors with their individual advantages and drawbacks 
have been employed.[4] Yet, none of them could fully satisfy academic and industrial demands alike. 
This presentation introduces an alternative, new and a promising Ru precursor class, namely Ru 
diazadienyl cymenes [Ru(DAD)(Cym)] and underlines its potential for vapor deposition-based 
applications by the demonstration of a single source precursor (SSP) and ammonia (NH3) assisted CVD 
process.[5] Ru thin films obtained by these two processes from the Ru(tBu2DAD)(Cym) precursor (Figure 
1) are subjected to various analyses and their film growth behaviour is carefully analysed (Figure 2). 
Structural and morphological methods such as XRD, AFM and SEM (c.f. Figure 3), are hereby 
complemented by compositional techniques such as RBS, NRA as well as XPS. In the context of a 
potential large-scale introduction of Ru as interconnect in integrated circuits, the importance and 
challenges to establish an efficient recycling cycle will be thematised furthermore. 
A direct comparison of Ru thin films obtained from both processes reveals the NH3 assisted one to 
produce layers with enhanced crystallinity in a temperature range of 350 – 500 °C which exhibit an 
overall more textured surface and possess a higher purity (> 90 at.% Ru). On SiO2 substrates, 
30 – 35 nm thick Ru layers with resistivity values in the range of 12 – 16 μΩ cm (Ru bulk = 8 μΩ cm) 
are successfully grown by the NH3. Especially the former performance is on par with established Ru 
CVD processes relying on problematic, oxidative film growth chemistry. In a consecutive case study, 
CVD grown Ru thin films are subjected to catalysis assessment in the acidic OER. Promising 
performance of the layers is demonstrated, and this proof-of-concept investigation supports the 
utilization of CVD processes for the synthesis of catalyst materials comprising thin layers of Ru. 
 
 

 
Figure 1: Solid state crystal structure of Ru(tBu2DAD)(Cym). Thermal ellipsoids are set to 50% 

probability level and hydrogens are omitted for clarity.  
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Figure 2: Arrhenius plot with growth rates of Ru thin films grown on Si(100) substrates by the SSP; 

(blue) and NH3 (green) process using Ru(tBu2DAD)(Cym). 

 
 
 

 
Figure 3: XRD patterns for Ru thin films grown by the SSP and NH3 process. 
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Scanning-Tunneling Microscopy Simulation through an Online 
Platform 
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In on-surface synthesis research, it is crucial to identify molecules by comparing experimental 
Scanning-Tunneling Microscopy (STM) images with simulated ones. However, accessing simulated 
STM images of molecules is a task that requires significant effort in practice. Despite the fundamental 
techniques of Tersoff-Hamann[1] and Bardeen-theory[2] being known for a long time, poor applications 
of these theories are prevalent in the experimental scientific literature.   
 
We at Espeem have identified three common problems that contribute to this difficulty: (1) tip distance 
- the scanning tip is assumed to be unrealistically close to the molecule/surface due to constraints of 
modeling programs; (2) spatial noise - the uncertainty in the lateral tip position is not included or is 
included incorrectly; and (3) non-planarity - non-planar molecules are difficult to deal with, as the surface 
is not included in the calculation and arbitrary choices of molecular rotation are often used. 
  
To support our experimental collaborators[3-5] (see Fig. 1) we have created a practical simulation 
method that produces STM images to aid experimental researchers. Our expert-curated solution solves 
the three practical simulation problems as follows: (1) tip distance - the wave-functions are evaluated 
with the atomic-centered orbital code SIESTA[6] to save calculation time over plane-wave codes, and 
we overcome long-range inaccuracy by explicitly extending the wavefunction into vacuum using the 
efficient Paz/Soler method[7]; (2) spatial noise - a gaussian 2D filter is applied to a 3D map of the current 
vs. tip position, and the iso-surface of the current is found to create the final image, which allows for the 
reproduction of abrupt jumps in the tip height; and (3) non-planarity - a model potential is used to 
emulate a generic surface, and the weak potential is chosen to align the molecule with the surface but 
cause minimal distortion. 
 
To further improve the convenience, we have recently created a Software-as-a-Service web-app[8] 
which allows us to manage hardware and software for our clients. We believe that this service will 
remove an important practical obstacle to experimental on-surface synthesis and crystal growth studies, 
helping experimental researchers to deliver results both faster and better. 
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Figure 1. Simulated STM images of the LUMO frontier orbital created to support the identification of (a); 
a graphene flake with three nano-pores, (b); a tin phthalocyanine, and (c); a finite graphene nano-
ribbon. 
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The identification of a suitable reaction model (reaction mechanism) that describes the reaction 
pathways from the source gases to the films is one of the most important facets in the development of 
CVD processes [1,2]. In order to accelerate developments in this area and to reduce the workload 
involved, we have developed a system that automatically identifies the reaction models involved in the 
experimental results of CVD processes [3,4]. The reaction models have been determined both 
quantitatively and qualitatively based on chemical kinetics. 
 
In this study, we developed the automatic modelling system to analyse the deposition profiles in the 
macroscopic cavity (Macrocavity) (Fig.1) [3,5]. The inference engine to model the reaction mechanism 
in the system was developed using NSGA-III, which is one of the most powerful and finest algorithms 
among multi-objective optimization problems [6]. 
 
We demonstrated the performance and validity of the system using the deposition profiles of TEOS 
(Tetraethoxysilane) thermal CVD [7,8]. The system successfully proposed a number of candidate 
reaction models, both in terms of reproducibility and model simplicity, as Pareto optimal solutions to the 
multi-objective optimisation problems. In addition, screening among the candidate reaction models was 
necessary to determine the optimal reaction model in the current situation. 
 

   
Figure 1.  Schematic structure of Macrocavity. 
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Figure 2.  Schematic process of modelling using multi-objective optimisation algorithms. 
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Using SOLIDWORKS Flow Simulation as a tool to optimise the 

deposition pattern of a combinatorial air pressure CVD. 
Yuankai Lia, Andreas Kafizasa 

a Imperial College London, Exhibition Rd, South Kensington, London, SW7 2AZ, UK 
 

Combinatorial CVD can create novel products with high throughput and relatively lower cost 
(Maier, Stöwe, & Sieg, 2007). This is because combinatorial CVD allows for multiple depositions 
to occur simultaneously, resulting in thin films with different compositions and thicknesses 
(Kafizas & Parkin, 2011). However, the carrier gas flow inside the reactor can severely impact 
the entire deposition process. Therefore, modifying the gas flow in the reactor is critical for a 
successful deposition. 
 
In our air pressure CVD system, there are three bubblers mounted in three gas lines that are 
joined together at the end of a manifold. The gas flows then go through a small mixing chamber 
where a baffle is placed to alter the gas flow. As a result, the deposition pattern of chemicals 
will vary based on the patterns of holes drilled on the baffle. 
 
In this study, we utilized SolidWorks Flow software to conduct a computational fluid dynamics 
(CFD) simulation. The purpose was to investigate the relationship between the hole patterns 
on the baffles (samples are shown in the figure 1) and the aerodynamic properties of the gas 
on the sample surface. For instance, we analysed the overall density of the fluids and volume 
fraction of one carrier gas flow based on the sample surface, as shown in Figure 2. The former 
could reflect the thickness of the depositions, and the latter could show the distribution of a 
certain deposition.  
 
With the assistance of the simulation studies, the experimental results of the combinatorial 
deposition can be optimised. In the future works, more detailed simulations and experimental 
results will be compared and contrasted. Eventually, this work may provide guidance to help  
researchers modify APCVD deposition patterns.   

 
Figure 1. 
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Figure 2. 
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Atomic layer deposition (ALD) is a thin film deposition technique used to produce thin films, which are 
formed by the sequential deposition of sub-atomic layers of the desired film material. Nowadays, a 
variety of materials can be deposited by using thermal or energy enhanced atomic layer deposition. 
However, common ALD is facing several limitations and one of the main limitations of ALD is the 
reactivity of precursors and their co-reactants. Especially at low process temperatures it is challenging 
to find suitable precursors to achieve specific material properties like minimized contamination levels, 
low sheet resistances, high film densities or a specific crystal structure. 
 
To address these limitations of common ALD processes, we developed a novel flash lamp enabled 
atomic layer deposition (FLE-ALD) process. This approach combines the self-limiting chemisorption of 
precursor molecules in the first half-cycle with a millisecond flash lamp annealing (FLA) during the 
second half-cycle (Fig. 1c). The heat applied during the second half-cycle enables single-source ALD 
processes by inducing thermal decomposition of the chemisorbed molecules resulting in the desired 
film material. In addition, the FLA step helps to improve the quality of the resulting films, such as film 
density and crystallinity.  
 
This paper demonstrates the FLE-ALD approach for the deposition of titanium oxide in a single-source 
process by employing titanium isopropoxide as the precursor. In every second half-cycle, the substrate 
surface is exposed to short time light flashes with a pulse length in the millisecond range and the 
chemisorbed molecules are decomposed during the FLA step. The heat induced in the FLA step is 
distributed to the substrate’s bulk and the process chamber during the subsequent purging and/or 
cooling step, resulting in a constant substrate temperature and maintaining the self-limiting behavior of 
the precursor chemisorption for the next cycle.  
 
The process development confirmed the FLE-ALD principle and the typical self-limiting mechanism as 
well as the constant growth per cycle of ALD by varying and characterizing process parameters like 
precursor dose, purge time, flash lamp power, substrate temperature (Fig. 2), and cycle number. 
Spectroscopic ellipsometry was used to measure the film thicknesses and to investigate the optical 
properties of the deposited films. The film composition was analyzed by X-ray photoelectron 
spectroscopy and scanning electron microscopy was used to analyze the step coverage in high aspect 
ratio structures. In addition, the actual film densities were derived from X-ray reflectivity and the film 
crystallinities were confirmed by X-ray diffraction and Raman spectroscopy. 
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Fig. 1: Process sequences for different variants of FLA based ALD and conventional thermal ALD [1] 
 

 
Fig. 2: Growth per cycle as function of the substrate temperature for FLE-ALD processes (black lines) 
and single-source CVD processes without any FLA treatment (red lines). 
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Mechanical Behavior upon Annealing-induced Blistering of Atomic 
Layer Deposited Alumina Thin Film Layered with Tantala 
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Institute of Physics, University of Tartu, W. Ostwaldi str 1, 50411 Tartu, Estonia 

 
Flexible electronics and microelectromechanical systems require investigations and advancement of 
the mechanical properties of thin oxide films [1,2]. Layering and wrinkling of thin films enables to modify 
their hardness, ductility, elasticity [1,3]. Post-deposition annealing of atomic layer deposited Al2O3 films 
on silicon substrate leads to blistering due to H2 build up beneath the film (Fig. 1) [4]. Density and 
diameter of blisters can be influenced with process parameters and additional top layers [4,5]. Blistering 
increases the residual tensile stress and induces microcracks in the film [6,7], which might provide local 
elastic relaxation in the case of bending of the film – substrate system, similarly to the mechanics of 
wrinkles in ceramic film – flexible substrate systems  [1,8].   
In the present work, Al2O3 and Ta2O5 layered films were ALD on silicon substrates and post-deposition 
rapid thermal annealing at 700 and 800 ºC was implemented. Hardness of as-deposited layered Al2O3 
– Ta2O5 thin films depended on the layer sequence from substrate to surface and on the layer 
thicknesses, while Young’s modulus remained similar for all deposited films [9]. Hardness and Young’s 
modulus of Al2O3-Ta2O5 films depended strongly on the sequence of the oxide layers following the 
annealing treatments, with the highest hardness (~ 16 GPa) achieved for double-layered film with Al2O3 
bottom and Ta2O5 top layers. Reversal of the layers resulted in hardness below 15 GPa and the film 
did not blister.  
Hardness and Young’s modulus of blisters were lower compared to regular material (Fig. 2). Further 
studies are to be conducted to determine the potential influence of blistering to the mechanical 
behaviour of layered Al2O3 – Ta2O5 thin films.  
We demonstrate nanoengineering the structure and mechanical properties of layered oxides by 
modifying the sequence of chemically distinct ALD-grown layers, accompanied by implementation of 
annealing to induce crystallization and blistering. 
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Figure 1. Scanning electron microscope image of surface morphology and cross-section of a blister of 
Ta2O5/Al2O3 film after annealing 10 min in air at 700 ºC.  

 
 

 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 2. Hardness of blisters and regular area of Ta2O5/Al2O3 film after annealing 10 min in air at 700 
ºC measured with various indentation forces.  
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Minority carrier lifetime of more than 1.2ms for commercial Cz-
Si(111) wafers, through ALD Al2O3 passivation 
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The passivation of c-Si surface plays a vital role in reducing the recombination losses of photo-electrons 
at the interface of Si and the adjacent layer in silicon heterojunction solar cell. This study aims to improve 
the efficiency of c-Si based carrier selective contact solar cells by depositing a passivation layer of Al2O3 
using Atomic Layer Deposition (ALD). Excellent uniformity of the films over large area substrates, 
conformance, and control over depositing ultrathin films with a low temperature ALD growth process, 
will satisfy our requirement of developing layers of c-Si based carrier selective contact solar cell. To that 
end, the passivation characteristics of Al2O3 films deposited at 200 °C by thermal ALD were studied. 
The chosen temperature (200 °C) ensures that the film growth is saturated and lies in the optimum ALD 
temperature window for Al2O3 films. This is confirmed by the measured growth per cycle of 0.1±0.01 
nm on c-Si wafer, obtained using spectroscopic ellipsometry.  To study the passivation quality of these 

Al2O3 layers, n-type c-Si (111) Cz wafers with a resistivity of 2  cm and a thickness of 170 m was 
subjected to saw damage removal, standard RCA clean, and HF dip following which Al2O3 films were 
deposited using thermal ALD. The thermal activation required for the passivation process was provided 
by post-deposition annealing of these samples in forming gas environment. The enhancement in the 
passivation quality after annealing at different temperatures and different time spans was studied. This 
was done using the lifetime measured by the WCT-120 Sinton lifetime tester. For samples annealed in 
forming gas environment at 310 °C for 120mins, minority carrier lifetime at a minority carrier 
concentration of 1×1015 cm-3 showed an excellent value of about 1.24ms (Figure 1), reaching very near 
to the measured bulk lifetime ~2.9 ms for these industrial type Cz Si wafers, demonstrating excellent 
passivation quality of Si surface by our ALD Al2O3. Thus, an effective surface recombination velocity of 
3.7 cm/s is obtained which gives an impressive implied open circuit voltage (iVOC) of 0.704 V even for 
our commercial type Cz wafer. The development of carrier selective layers with ALD, along with the 
device quality passivation which is already obtained enables the fabrication of a complete solar cell 
without any vacuum break in ALD at a lower thermal budget. 
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Figure 1. Injection level dependent effective lifetime of n-type Cz Si(111) wafer symmetrically 
passivated with Al2O3 and annealed in forming gas. 
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Two-dimensional (2D) materials including transition metal dichalcogenides (TMDCs) such as tungsten 
or molybdenum disulfides (WS2, MoS2) and diselenides (WSe2, MoSe2) are considered as promising  
materials for future heterogeneous electronics due to their unique properties [1], for example 2D 
materials are predicted to retain a high charge carrier mobility even at the monolayer scale, at which 
silicon transport properties degrade [2]. 
Metal-Organic Chemical Vapor Deposition (MOCVD) is a proven method for the growth and 
development of semiconductor materials (including 2D materials) on an industrial scale [3-4].  
 
In this contribution we present our recent progress on the uniform deposition of transition-metal 
dichalcogenides by MOCVD on up to 200 mm wafer scale with commercial AIXTRON Close-Coupled 
Showerhead (CCS®) systems (Fig. 1a). The nucleation and growth of TMDC domains is monitored 
using in-situ reflectometry. The influence of growth parameters such as nucleation/deposition 
temperature, reactor pressure, carrier gas composition and precursor molar flows on the growth of 
TMDC crystallites has been investigated. The coverage and average size of TMDC crystallites (Fig. 1b) 
have been determined from segmentation analysis of SEM images. The coalescence behavior of TMDC 
domains has been studied and the quality and uniformity of the obtained monolayer TMDC films have 
been determined by complementary optical spectroscopy and scanning probe techniques including 
Raman spectroscopy (Fig.1c), AFM and SEM. 
 
                   a                      b                   c 

     
 
Fig.1.(a) MoS2 monolayer grown on 200 mm sapphire in CCS AIXTRON system; (b) nucleated WSe2 

domains on c-plane sapphire by SEM; c) Raman A1g peak position uniformity of monolayer WSe2 on 
sapphire by µ-Raman mapping 
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Titanium nitride (TiN) thin films are utilized as diffusion barriers for Co and W metal layers, as well as 
the gate metal barrier in CMOS and memory devices due to the material’s low resistivity; TiN is also 
used as a coating for hard disk drives [1]. In the present work, it is shown that the resistivity can be 
decreased below 220 µΩ-cm with a non-halogenated precursor at 425 oC by using a Ti precursor with 
high thermal stability and by reducing the oxygen and carbon contents in the films using a highly reactive 
co-reactant, anhydrous hydrazine (N2H4). Titanium tetrachloride (TiCl4), as well as three metal-organic 
precursors and anhydrous hydrazine (N2H4, Rasirc, Brute Hydrazine), were employed with ultra-high 
purity nitrogen purge gas. Films formed with the three halogen-free precursors, TDMAT (tetrakis 
(dimethylamino) titanium), TDEAT (tetrakis (diethylamino) titanium), and TEMATi (tetrakis 
(ethylmethylamido) titanium) were compared to TiCl4 for resistivity and conformality. The TiN ALD 
chamber was connected to an in-situ Auger electron spectrometer (RBD Instruments), which 
determined the atomic composition of ALD TiN. Pulse lengths and purge times were optimized on HF-
cleaned Si (100) or degreased SiO2. For TiCl4, the optimized deposition temperature was 425 oC and 
the optimal pulse times were 300 ms for TiCl4 and 3600 ms for N2H4, but for the metal-organic 
precursors, different optimized pulsed lengths and deposition temperatures were needed. Four-point 
probe (Ossila) measurements were performed to determine the resistivity of TiN thin films on degreased 
SiO2 substrates. Nanoscale patterned samples with horizontal vias (aspect ratio: 1:5) were used to 
verify the conformality of the low resistivity TiN thin films. TEM was employed to analyze the conformality 
of TiN thin films. Comparisons of TiN using N2H4 with TiCl4 and TEMATi using in-situ Auger and ex-situ 
resistivity are shown in (Fig. 1-2) The data in (Fig.1) for TiCl4 was employed as a benchmark; the 
low resistivity, (~89 µohm-cm) was ascribed to the high deposition temperature (500 oC) and low O and 
C contaminant content allowing for good crystalline structures.  
Note, the resistivity was only constant for N2H4 pulse lengths greater than 3.6 s consistent with the need 
for excess N2H4 to reduce O and Cl contaminants.   
 
The optimal metal-organic precursor was found to be TEMATi as shown in (Fig.2). TEMATi is still 
thermally stable at 425 oC; therefore, it is hypothesized that the crystallinity can be improved relative to 
TDEAT or TDMAT by higher temperature processing without carbon incorporation. It is noted that the 
residual C and O in the optimized TEMATi + N2H4 films are comparable to that in the optimized TiCl4 + 
N2H4 films. A comparison of resistivity for TiN using TiCl4 as well as metal-organic precursors is shown 
in (Fig. 3) As the thickness decreased, resistivity increased, consistent with surface oxidation and 
surface scatting in the thin films. Among all metal-organic precursors, TEMATi had the lowest resistivity, 
~220 µΩ-cm at 425 oC. 
 
As shown in (Fig 3) a conformal TiN thin film (~3.8 nm) was deposited in horizontal vias using TiCl4 
+N2H4 at 425°C. EDX results support that a TiN thin film was grown on the walls in the horizontal vias. 
Bright-field TEM (BF-TEM) is shown in (Fig 3 a-c). EDX mapping showed that the fin was SiO2/SiCOH 
and the thin film conformally grown in the horizontal via was TiOxNy (Fig 3 d-g). BF TEM images of TiN 
using TEMATi + N2H4 at 425°C are shown in (Fig 4) Conformal TiN was again deposited on the fins 
with thickness around 5.5 nm.  
 
Previously Wolf et al. demonstrated 400 oC, ALD of TiN with TiCl4 and N2H4 with a resistivity of 500 
µΩ- cm [2]. The lowest resistivity thermal ALD TiN films reported using a metal-organic precursor 
employed TDEAT and NH3 and had 450 µΩ-cm resistivity [3]. Elam et. al. synthesized TiN using TDMAT 
and NH3 had 10000 µΩ-cm [4]. The lowest resistivity PEALD TiN films reported using a metal-organic 
precursor employed TDMAT and NH3 had 180 Four-point µΩ-cm resistivity [5]. The lowest resistivity 
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thermal ALD TiN films reported using TiCl4 and NH3 and had 120 µΩ-cm resistivity but employed a toxic 
chemical, H2S, to minimize the residual Cl [6]. Therefore, the present work with TEMATi + N2H4 at 425 
oC showing resistivity below 220 µΩ-cm represents the lowest reported TiN resistivity for thermal ALD 
with a non-halogenated precursor. The reported ALD films using TiCl4 and N2H4 represent the lowest 
reported TiN resistivity for thermal ALD with a halogenated precursor while avoiding the use of H2S. It 
is hypothesized that the extremely high reactivity of N2H4 enabled both high nucleation in the horizontal 
vias and enable exclusion of oxygen and carbon in the TiN thereby lowering resistivity. 
 
Acknowledgment: Special thanks to Micron for the patterned samples. 
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The relentless environmental pollution brought about by the overreliance on fossil fuels requires the 
development of sustainable approaches to meet the ever-growing energy demand in a carbon-neutral 
fashion. In this context, water splitting activated by sunlight, a virtually inexhaustible natural resource, 
has emerged as an amenable route for a green production of molecular hydrogen, an important energy 
vector. Yet, the overall process efficiency is limited by the anodic oxygen evolution reaction (OER), and 
an ongoing challenge concerns the design and fabrication of eco-friendly, cheap and earth-abundant 
OER electrocatalysts as alternatives to noble metals-based ones. In the current tide of possible 
candidates, graphitic carbon nitride (gCN) presents a range of attractive properties, encompassing 
thermal and physico-chemical stability, amenable reactivity, and band gap enabling Vis light harvesting. 
It is worthwhile highlighting that g-CN consists of earth-abundant and non-toxic elements, a relevant 
feature to reduce the environmental footprint and improve the process sustainability. 
In the present work, we propose original and versatile preparation routes for the obtainment of 
supported gCN-based OER photoelectrocatalysts. After the synthesis of precursor powders from 
melamine (M) or melamine + cyanuric acid (CM), the target systems are deposited on fluorine-doped 
tin oxide substrates (FTO) by electrophoresis or decantation. The gCN matrixes are then functionalized 
with low amounts of metals (Au, Ag or Au+Ag) or metal oxides (CoO or CoFe2O4) by means of radio 
frequency (RF)-sputtering from weakly ionized plasmas under mild operational conditions. A thorough 
structural, morphological, compositional and optical investigation by complementary analytical tools 
evidenced a direct dependence of the system chemico-physical features on the adopted gCN precursor 
(M vs. CM) and experimental parameters. An advanced TEM characterization revealed that metal 
particles had a nanometer-scale size (Fig. 1a). Whereas silver was, to a certain extent, atomically 
spread in gCN-Ag specimens, a feature paving the way to single-atom catalysis, the presence of alloyed 
core-shell Au-Ag nanoaggregates was observed for bimetallic systems. The samples featured an 

optical band gap of 2.7 eV (Fig. 1b) and, for gCN-Au, an enhancement of Vis-light absorption attributed 
to the surface plasmon resonance (SPR). Even for oxide-containing gCN, analyses evidenced the 
formation of nanostructured particles for the functionalizing agents (Fig. 1c). All the target specimens 
featured an appreciable defectivity degree, as indicated by the presence of uncondensed amino groups 
(-NHx, x = 1,2; components ii and iv in C1s and N1s photopeaks, Fig. 1d), possessing a beneficial effect 
on the ultimate performances.  
The introduction of both metal and oxide co-catalysts had a favorable influence on photoelectrochemical 
behavior in comparison to the pristine gCN systems. Among noble metal-containing electrocatalysts, 
gCN(CM)-Au showed the best performances (Fig. 2a), thanks to the formation of Schottky barriers, 
suppressing electron-hole recombination and increasing photoactivity, especially when coupled with 
SPR (Fig. 2b). As concerns metal oxide-functionalized samples, the improved gCN-CoFe2O4 activity 
(Fig. 2c) was rationalized basing on the formation of Z-scheme gCN/CoFe2O4 junctions, more efficient 
than p-n gCN/CoO ones in promoting charge carrier separation (Fig. 2d). 
The obtained results, critically discussed basing on the interrelations with material characteristics, may 
act as pointers towards further implementation of stable, cost-effective and active OER photoanodes 
for solar hydrogen production. In perspective, the strategies presented in this study offer promising 
opportunities even for manufacturing photoelectrocatalysts for H2O remediation, one of the most urgent 
global priorities to reduce water stress and promote an enhanced societal wellbeing. 
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Figure 1. (a) Representative TEM micrographs for gCN(M)-Au and corresponding EDXS-STEM 
elemental maps (N K: green; C K: blue; Au M: red). (b) Optical spectra of gCN(M) systems [1]. (c) 
Experimental and simulated TEM image and SAED pattern for gCN-CoFe2O4. (d) C1s and N1s 
photopeaks for gCN-CoFe2O4 [2]. 

 
Figure 2. (a) Chopped linear sweep voltammetry (LSV) scans for gCN(CM) systems functionalized with 
noble metals. (b) Sketch of the Schottky barrier height (ΦSB) for the same systems [1]. (c) Chopped LSV 
scans for oxide-containing gCN materials. (d) Sketch of the junction between gCN and CoO (left) or 
CoFe2O4 (right) [2]. 
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To bridge the gap between a fast latency, volatile memory such as DRAM, and non-volatile, slow, but 
high-density memory like NAND, Storage Class Memory (SCM) is one of the most promising concepts. 
It combines fast latency with non-volatility and the possibility to integrate these type of memory devices 
with a high density. SCM devices based on 3D cross point architecture have already been established, 
using phase change materials (PCM) as memory element and Ovonic Threshold Switch (OTS) 
materials as selector element. The selector element needs to be highly selective, i.e., showing a high 
ION/OFF ratio, to be able to withstand high driving currents, and to show high amorphous stability to 
program the PCM element. For future devices, 3D vertical integration of SCM devices is required to 
achieve the high storage density. 
For these advanced device architectures, Atomic Layer Deposition (ALD) is the preferred deposition 
technique as it can enable highly conformal layers of PCM and OTS materials, even for high aspect 
ratio structures. The capability of ALD to deposit highly conformal films for a wide range of applications 
has been shown extensively in the past [e.g., 1]. Unfortunately, the ALD deposition of materials such 
as germanium chalcogenides is challenging. A binary compound like GeSe might not fulfil all 
requirements to be used as OTS in a SCM device [4], and ternary or even quaternary compounds will 
be needed to improve the memory cell performance, increase its thermal robustness, and tune the 
ION/OFF ratio. In this conference contribution we will address the ALD of (doped) germanium 
chalcogenides, which are a class of materials being explored as PCM and selector elements. We used 
the dechlorosilylation chemistry for the low-temperature ALD reaction of (nonmetal) alkylsilyl 
compounds with metal chlorides, which resulted in amorphous chalcogenide layers [2,3]. Here, we will 
report on the development of a ternary ALD process targeting a GeAsSe film. We have investigated in 
detail the growth of ALD GeAsSe on various substrate materials which are important for device 
integration. In general, we have observed nanometer-sized circular nucleation islands (Fig. 1). Even 
after high cycle counts of ([GeSe][As2Se3]) ALD super cycles the nucleation islands persist, and no 
closed layer was formed under the conditions investigated. The islands are characterized in view of 
morphology and elemental composition in relation to the substrate surface properties (surface 
termination) and critical deposition parameters. 
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Fig.1: SEM tilted-view image (350kx) of 200 ALD super 
cycles of ([GeSe][As2Se3]) showing GeAsSe islands on a 
flat TiN bottom layer. 
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The controlled growth of monolayer and few-layer 2D TMDs remains an important challenge to realize 
electronic and opto-electronic applications based on 2D TMDs. While (MO)CVD has emerged as a 
powerful method of growing high-quality 2D TMD films, these films typically have to be transferred from a 
growth substrate to a device substrate, complicating the manufacturing process and prohibiting 
compatibility with nanostructured substrates. Alternatively, ALD enables highly controlled growth of 2D 
TMDs at relatively low temperatures and hence can be used to deposit directly on (nanostructured)  device 
substrates. For such direct growth of monolayer or few-layer TMDs, nucleation effects on the substrate 
play an especially large role in determining the key properties like grain size of the resulting film. In this 
work, we elucidate the nucleation stage of plasma-ALD MoS2 using a combination of in-situ and ex-situ 
characterization techniques. First, we critically re-evaluate the saturation behavior of this ALD process 
which is an important requirement for its reproducibility. We find that while no thermal decomposition of 
the precursor is observed in the heterodeposition regime at a substrate table temperature of 400℃, some 
nonsaturating component remains during the homodeposition regime. Next, we show how spectroscopic 
ellipsometry can be used to monitor the MoS2 nucleation and monolayer closure in situ, which we verify 
through correlation of the data with ex-situ XPS and photoluminescence measurements. The fingerprint 
of crystalline MoS2 is observed in the Raman spectra, with the A1g-E12g separation increasing as with film 
thickness as expected. Even for submonolayer films, the A1g-E12g separation remains larger than the 19 
per cm expected for monolayer MoS2, which may indicate substrate-induced strain or defectivity of the 
submonolayer films. Furthermore, we obtain insight into the oxidation of the sub-monolayer films from 
XPS scans of the Mo3d orbital region, which indicate that especially the edge sites of MoS2 islands are 
prone to oxidation.  
 
 

 
 

 
Figure 1:  In-situ spectroscopic ellipsometry as probe of MoS2 nucleation and initial growth. An initially 
enhanced growth rate converges to steady-state growth, indicative of film closure. The stabilization of 
the growth rate coincides with the maximum photoluminescence yield at monolayer closure. 
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Figure 2: Raman spectra taken after different number of ALD cycles show the characteristic peaks of 
crystalline MoS2. The A1g-E12g separation increases with number of ALD cycles. The small separation 
of 19 per cm characteristic for monolayer MoS2 is not observed which may be related to strain or 
defectivity of the submonolayer film. 
 

 
Figure 3: XPS elemental scan of the Mo3d orbital region shows increasing Mo counts with increasing 
number of ALD cycles. Furthermore, presence of 6+ oxidation state Mo can be quantified, indicating 
oxidized MoO3. The relative amount of oxidation decreases with number of ALD cycles, indicating that 
especially the MoS2 island edges are sensitive to oxidation. 
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In recent years, plasma ALD has become an essential technique for nanoscale fabrication, including 
high-volume manufacturing,[1] due to its self-limiting behaviour and low temperature operating regimes. 
Multiple ALD applications in the quantum segment, including the deposition of superconducting nitrides, 
are moving from the research field into production where fast deposition times and product throughput 
is critical. Additionally, highly conformal films are required to coat demanding 3D structures.[2] 
 
The challenge is to deliver fast processes while maintaining and improving the film properties. This is 
particularly important in new technology areas, such as superconducting quantum devices, where 
device performance is closely tied to materials and processing, and required thicknesses are frequently 
in the 50-200 nm regime. 
 
Here, we will share recent development of a high-quality superconducting NbN for quantum 
applications, such as resonators and interconnects, capable of depositing > 50 nm film thickness in two 
hours. The process uses (t-Butylimido)tris(diethylamino)niobium(V) (TBTDEN) precursor and a 
N2/H2/Ar plasma at a relatively low temperature of 320° C. The RF-driven remote plasma source design 
and chamber of our system is optimized for ALD and short cycle times.  
 
The high quality of the deposited films was demonstrated by the electrical resistivity measurements, a 
conformality of 100% on 8:1 aspect ratio trenches and superconducting transition temperature (Tc) 
showing > 11K.Thickness uniformity of < ±5% across a 150 mm Si wafer was achieved with 1% 
repeatability.  We will also show how film stress can be tuned as a function of process parameters, such 
as the RF power.  
 
Emerging quantum technologies based on superconducting nitride materials are showing great promise 
and will benefit not only from the uniformity of the deposition, conformality and film quality, but also from 
the speed and control provided by this ALD process.  
 

       

 
References 
1. Knoops et al., J. Vac. Sci. Technol. A, Vol. 37, No. 3, May/Jun 2019 
2. Arts et al., J. Vac. Sci. Technol. A 37(3), May/Jun 2019 
 

* Corresponding author e-mail: dmytro.besprozvannyy@oxinst.com 

 

Plasma ALD NbN (100 nm) on 8:1 aspect ratio 
trench. 

The thickness on the side walls, the bottom of the 
trench and the top of the structure is comparable. 

NbN thickness distribution map with a 3 
mm edge exclusion showing a ± 1.4 nm 
non-uniformity across a 150 mm wafer. 
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Throughout the 21st century the researchers have been developing new concepts, strategies, and 
materials, that could replace the silicon-based CMOS technologies used today. While we do not know 
yet, what are the major technologies that will take over in the Beyond-CMOS / Beyond-Moore era, it is 
certain, that these technologies, like the semiconductor-based electronics, will rely on high-quality thin 
films. However, in the next-generation technologies it is not only the quality, but also the functionality 
and the performance of these thin film materials, that make the difference. One particularly intriguing 
family of materials for the electronics applications are oxides and their heterostructures, thanks to their 
extreme diversity1. Similar to the semiconductor technologies, the realisation of the new device 
concepts will require thin film fabrication methods that are compatible with the material systems and 
are scalable to large scale device production without compromising in the film quality. This is where the 
atomic layer deposition (ALD) has the most to offer. 
 
In this talk I will discuss the potential of ALD for emerging nanoelectronic technologies based on 
functional oxide thin films. As a more detailed case study example I will present spinel ferrite films that 
can be used as spin-filtering layers for spintronic devices that operate with spin-polarised currents. In 
this work plasma-enhanced ALD was used to deposit cobalt ferrite (CoFe2O4, CFO) and iron-rich nickel 
ferrite (Ni0.75Fe2.25O4, NFO) thin films. Due to the additional kinetic energy provided by the plasma 
species generated by the direct capacitively coupled plasma, the films grown on sapphire wafers were 
epitaxial with correct cationic arrangements with minimal amount of light element impurities and showed 
ferrimagnetic behaviour at room temperature. Additionally, the polarized neutron reflectometry 
measurements showed that the thin films of both CFO and NFO have a high structural and magnetic 
uniformity over the film thickness at film thicknesses <10 nm. However, as the film thickness is 
increased, a magnetic gradient appears, which can be linked to the structural changes in the growing 
ALD film. 
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One of the biggest challenges in modern power electronics is represented by power losses in 
semiconductor devices causing an increase of energy consumption. Overcoming the physical limits of 
traditional Silicon-based technologies by using wide band gap (WBG) semiconductors, such as silicon 
carbide (SiC) and gallium nitride (GaN), the energetic efficiency and electrical performances could be 
both improved. [1–3] Nevertheless, several issues still need to be addressed such as the finding of an 
appropriate gate insulator [4]. Moreover, since device frequency performance is strongly dependent on 
maintaining a high geometric aspect ratio between gate length and barrier width, precise control over 
the thickness of gate insulators is very important. In this context, atomic layer deposition (ALD) is 
considered as a key enabling technique because of its controlled layer-by-layer growth. [5] Huge efforts 
are nowadays devoted to the fabrication of multicomponent gate insulators having high dielectric 
constants and good chemical stability. Notably, the growth of Al2O3-HfO2 laminated layers is among the 
most interesting combinations because of the possibility to mix the complementary characteristics of 
the two materials [6,7], i.e. the thermal stability of the Al2O3 and the high dielectric constant of the HfO2 
materials. 

In this work, Plasma Enhanced-ALD growth of different Al2O3/HfO2 combinations has been considered, 
specifically fabricating both nanolaminated stacked Al2O3-HfO2 layers and a homogeneous 
nanocomposite HfAlO layer (Fig. 1). Nanolaminated Al2O3/HfO2 thin films consisted in alternated and 
well-defined nanosub-layers (thickness lower than 3 nm) of each oxide, and the number of alternated 
layers has been changed while maintaining the same total film thickness of 30 nm. The nanolaminated 
system demonstrated higher dielectric constants compared with single Al2O3 layer, a better thermal 
stability compared with the raw HfO2 and a general decrease of dielectric defects such as trapped 
charges. [8,9] Finally, 30 nm nanocomposite Al2O3-HfO2 layers, having no alternating structures but 
homogeneous HfAlO composition, have been deposited as well. In this case the dielectric properties 
have been compared by varying the Hf:Al ratio stoichiometric composition and higher dielectric constant 
has been associated with higher Hf:Al ratio, up to 4:1. On the basis, of all the collected data the 
nanocomposite Hf-rich layer can be considered the most promising system. In fact, it showed better 
dielectric behavior in terms of dielectric constant value and charge traps amounts, as it can be seen 
from electrical characterization (Fig. 2).  
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Fig. 1: Scheme of Al2O3 and HfO2 thin layer combinations as nanolaminated and nacomposite systems 
and the related cross-section TEM images of the samples deposited by pasma ehnanced-ALD method.  

 
Fig. 2: Capacitance-Voltage measurements of nanocomposite samples with different stoichiometry 
dielectrics on the same WBG 4H-SiC substrate. 
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2D materials are excellent candidates for current and future electronic devices. Among them, hexagonal 
boron nitride (hBN) is proving to be a key material for future graphene-based optoelectronic devices,[1] 
as it is an insulator and an isostructural of graphene. It appears to be a substrate of choice to boost the 
properties of graphene and thus enable the implementation of this later in real-life applications. 
Recently, it has been shown that controlling the degree of crystallinity of BN can have a significant 
impact on its intrinsic properties. For example, amorphous BN displays an ultra-low dielectric constant 
of 1.16, whereas a value of 4.0 at 1MHz is observed for hBN.[2] Therefore, tailoring the structure of BN 
and thus its properties would permit widening its application areas, from isolating interconnects and 
high-performance electronics in optoelectronic to spintronics.[3] 
Among the synthesis approaches, Chemical Vapor Deposition (CVD) of hBN has been widely reported 
in the literature and thin films have been obtained from different precursors such as ammonia-borane, 
diborane, BCl3 and borazine (formula B3N3H6).  
In the present contribution, BN films with different degrees of crystallinity deposited by CVD are 
introduced. The impact of the different growth parameters on the final material is presented using the 
borazine as a single source precursor. Four different gases are investigated: Ammonia, Nitrogen, Ar/H2 
95/5 and Ar/H2 90/10. Particular attention is paid to the influence of the carrier gas flow rate, the type of 
substrates and the deposition temperature. The obtained films are characterized by ellipsometry, X-ray 
diffraction, scanning electron microscopy, electron dispersion, Raman and Infra-red spectroscopy.  
As expected, the deposition temperature plays a crucial role, although the nature of the carrier gas 
strongly influences the reactivity of the borazine and thus the final structure of BN. The results show a 
stoichiometric B:N ratio of 1:1 with very low carbon and oxygen contamination on the films deposited 
with an Ar/H2 mixture on the copper foil, while higher oxygen impurities and lower crystallinity are noted 
on Si(100). Films grown at 1000°C show the presence of small crystallites. Control of the crystallinity of 
BN films can be achieved by regulating the temperature during the process, allowing the deposition of 
films within a wide range of crystallinity. Not only copper but also Si 100 has been used as a substrate 
with similar results without cleaning nor treatment of the substrates.  
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Over the last years, silicon carbide (4H-SiC) semiconductor has become suitable for high-power 
applications due to its superior properties compared with silicon, such as lower intrinsic carrier 
concentration, higher breakdown field, saturation velocity, and thermal conductivity.[1,2] Nevertheless, 
there are still some open topics related to the exploitation of the full potentiality of this material and 
among them the nature of the dielectric layer in metal-insulator-semiconductor (MIS) devices is a crucial 
issue to be faced.[3,4] In fact, the traditionally used SiO2 dielectric suffers from low dielectric constant 
(≈3.9) compared to the one of 4H-SiC (≈9.7), so that, according to Gauss’ law, the high breakdown field 
of 4H-SiC (3 MV/cm) cannot be fully exploited because of the earlier breakdown of SiO2 layer.[5] 
Consequently, high dielectric constant, large band-offset and good thermal stability as well as low 
density of defects are the ideal properties for gate dielectric in 4H-SiC power devices.[3,4] 
Aluminum oxide (Al2O3) possesses most of the ideal dielectric properties, nevertheless, Al2O3 thin films 
demonstrated do not possess a better interface quality than SiO2 layers.[6,7] In this context, another 
high-κ insulator of interest is the aluminium nitride (AlN) having not only high dielectric constant, but 
also a low lattice mismatch to 4H-SiC (~0.9%).[8-10] These properties make it promising for a very good 
interface quality if epitaxially grown on (0001)4H-SiC (Fig.1). On the otherhand, it has been 
demonstrated that AlN thin layers can be obtained as epitaxially grown layers only for film thickness of 
few nanometers and that after 6 nm critical thickness value, the polycrystalline structure becomes 
predominant currently making AlN unsuitable as MIS dielectric.[8,9]  
In this work, a new solution is proposed to exploit advantageous features of both Al2O3 and AlN 
dielectrics: Al2O3/AlN bilayers (Fig.1) were fabricated on 4H-SiC via Atomic Layer Deposition (ALD) 
methods. ALD is widely recognized as one of the best synthesis techniques, because of its excellent 
precision on thickness control, high uniformity, reproducibility and conformality even on high aspect-
ratio substrates.[11] Moreover, it represents probably the best trade-off between good film’s properties 
and suitable industrial scaling of the process and in some cases the Plasma-Enhanced ALD (PE-ALD) 
growth is considered the best solution for deposition on flat substrates. 
In this work, we studied and compared the effect of thermal-ALD and PE-ALD Al2O3 layers on AlN thin 
interfacial layer grown on 4H-SiC at 250°C. The AlN interfacial layer has been deposited via PE-ALD 
growth, since it is well known that plasma processes produce higher purity and denser nitride films with 
respect the thermal ALD method.[10] In this context, structural and electrical characterization of the two 
Al2O3/AlN bilayers obtained by T-ALD or PE-ALD depositions of the Al2O3 layers, are reported. Poor 
electrical behavior of the PE-ALD Al2O3/AlN bilayer has been correlated to its structural characteristics  
(Fig.2). In particular, the presence of degradation at the interface between plasma-deposited Al2O3 and 
AlN has been detected probably due to an oxidation interaction caused by oxygen plasma even at 
deposition temperature as low as 250°C. 
By contrast, the structural and electrical properties of the T-ALD Al2O3/AlN bilayers showed promising 
characteristics (Fig2). In particular, the investigated samples demonstrated a reduction of the oxide 
trapped charges (almost one order of magnitude down to 1011-1012), a slight reduced amount of 
interface traps density and an increase of dielectric constant (from ~7.5 to ~8.5) compared with a single 
Al2O3 reference layer. These preliminary results encourage the investigation of Al2O3/AlN bilayers as a 
candidate for future 4H-SiC power MIS applications. 
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Fig. 2: Crystalline structures of 2H-AlN and 4H-SiC materials and their lattice parameters and 
relationship as well as a scheme of the proposed Al2O3/AlN dielectric stack on 4H-Sic substrates.. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: STEM images and the relative EDX chemical maps of the two Al2O3/AlN dielectric stacks 
obatined by deposition of Al2O3 layers by thernal-ALd or PE-ALD methods  
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Cutting-edge materials research is increasingly focused on compounds containing multiple anions, and 
with more complex compositions.  This interest is driven by the increased structural and compositional 
diversity, and difference in anion properties which allows for greater control of the electronic structure 
and optimization of functional properties, with examples in photocatalysis,1,2 superconductivity,3,4 and 
thermoelectrics.5 It is vital that thin film techniques suitable for large area, low-cost applications such as 
CVD can keep pace with the developments in these areas of materials chemistry and are able to supply 
depsoiton methods for complex multicomponent and mixed anion films. To help address this we have 
investigated routes to thin films of oxynitride and other ternary composition materials, with a particular 
emphasis on their application as visible light active photocatalysts. 

In this presentation we will report on our use AACVD to synthesis the established visible light 
photocatalyst TaON as a thin film from the reaction of tantalum ethoxide and ammonia. The self-
cleaning ability of this film was assessed using stearic acid as the model pollutant.6 We have also 
investigated the perovskite tantalum and niobium oxynitrides, which are likewise known visible light 
photocatalysts form work carried out on bulk particles. We establish a route for the deposition of thin 
films for seven perovskite oxynitrides. A cobalt oxide co-catalyst was deposited onto each film by drop 
casting. Catalytic tests were conducted using stearic acid degradation, and this found the film of 
SrNbO2N with the cobalt oxide co-catalyst to be the most active for complete mineralization of this 
model pollutant. Using a real-world loading of greasy contamination on a surface we can estimate the 
time to completely remove this contamination under conditions of the bright sunlight, as 13.4 h for the 
SrNbO2N film,7 and 28 h for the TaON film.6 

We can also report on a novel CVD approach to the formation and control of composition of mixed 
anion materials, as applied to titanium oxynitride thin films. The method used is the AACVD of a mixture 
of single source precursors. By combining tetrakis(dimethylamido) titanium and titanium 
tetraisopropoxide in specific ratios in a series of AACVD reactions at 400 °C, we are able to deposit thin 
films of titanium oxynitride with three different structure types and a wide range of compositions. Using 
this precursor system, we can observe films of nitrogen doped anatase, with 25% anion doping of 
nitrogen; a new composition of pseudobrookite titanium oxynitride with a composition of Ti3O3.5N1.5, 
identified as being a UV photocatalyst; and rock-salt titanium oxynitride in the range TiO0.41N0.59 to 
TiO0.05N0.95. This work shows that a dual single-source CVD approach is an effective method for the 
deposition of ternary mixed anion ceramic films through simple control of the ratio of the precursors.8 

Finally, we can report on use of AACVD to form thin films of the zinc titanate phases using zinc acetate 
and titanium isopropoxide as precursors. Using a technique previously reported with powders, the 
mixed ZnO and Zn2TiO4 films were treated with acid to produce porous Zn2TiO4 which, through 
reduction and vapour leaching of zinc, were converted to hierarchically porous thin films of anatase 
TiO2. This conversion was monitored by XRD. Analysis of photocatalytic activity of the hierarchically 
porous titania, using dye and stearic acid degradation tests, found a factor of 12 to 14 increase in rates 
of photocatalysis over conventional TiO2 thin films.9 
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Stimuli-responsive materials are those that change their properties, as shape, wettability, optical 
properties depending on environmental cues, like pH, temperature, humidity. Such dynamic property 
can be used in several modern devices. In addition, when the stimuli-responsive material has the shape 
of a thin film, the response, which is based on diffusion, is very fast and reversible. 
 
Functional and responsive surfaces have been successfully deposited by initiated Chemical Vapor 
Deposition (iCVD) on a variety of substrates.[1] Such method allows the full retention of the functional 
groups of the monomer structure and this is important to obtain a large responsiveness amplitude. This 
presentation will focus on the applications of stimuli-responsive nanofilms for sensors and actuators. 
The high versatility of iCVD in driving application-specific properties into the material, creating a platform 
for the implementation of polymeric coatings into device fabrication, will be discussed.  
 
Fast response and large signal amplitude are fundamental requirements for good sensors. Fast and 
ultra-fast humidity sensors based on the optical detection of the change in thickness of the iCVD 
hydrogels will be shown.[2] The implemented sensor prototype delivered reproducible relative humidity 
values and the achieved response time for an abrupt change of the humidity was about three times 
faster compared to one of the fastest commercially available sensors on the market. 
 
The combination of materials with different properties in nanostructures is required to meet the needs 
of modern intelligent devices. Several examples of such type of hybrid devices will be presented. In 
particular, an electronic skin concept was realized by combining stimuli-responsive thin films with 
piezoelectric zinc oxide in core-shell geometries.[3] Such device geometry was obtained by templated 
atomic layer deposition of the ZnO followed by the iCVD of the stimuli-responsive film. The 
nanostructuration of the films lead to a location-specific signal detection. In addition, the combination of 
two different materials allowed the detection of three stimuli: force, humidity and temperature. The whole 
sensor device could be deposited on flexible substrates and used for on-skin sensor or as electronic 
skin. While the piezoelectricity of ZnO provides sensitivity to external force, the thermoresponsiveness 
of the hydrogel core provides sensitivity to surrounding temperature and humidity changes. The 
hydrogel core exerts mechanical stress onto the ZnO shell, which is translated to a measurable 
piezoelectric signal. A localized force sensitivity of 364 pC N−1 is achieved with very low cross talk 
between 0.25 mm2 pixels. Additionally, the sensor’s sensitivity to humidity is demonstrated at 20° and 
40 °C, i.e., above and below the hydrogel’s lower critical solution temperature (LCST) of 34 °C. The 
largest response to temperature is obtained at high humidity and below the hydrogel’s LCST. The 
sensor response to force, humidity, and temperature is significantly faster than the system’s intrinsic or 
excitation-induced time scale. Finally, the sensor response to touch and breath demonstrates its 
applicability as e-skin in real- life environment. 
 
Another example of device that will be shown is a pH-sensor, again based on a pH-responsive thin film 
deposited by iCVD, and deposited on tattoo paper, so that it can be easily applied to the skin to measure 
physiological signals.[4] When the tattoo sensor is transferred on skin it maintains full functionality, and 
shows excellent conformability to topographical features of epidermis. The investigation of the 
morphology of all layers within the sensor verifies full control of the desired width of electrodes, 
thickness of hydrogel, and deposition shielded areas. The hydrogel layer exhibits a reversible pH-
responsive swelling of 24.7 ± 0.3% to 38 ± 1%, with respect to the dry state, at pH 4 to pH 6, respectively. 
Impedance spectroscopy identifies the phase shift at 10 and 1000 Hz as an excellent pH-related 
property of the sensor, which can be only ascribed to the presence of the hydrogel. The sensors ability 
to be operated with non-sophisticated read-out hardware and software is also demonstrated. 
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Figure 1: Sensors based on stimuli-responsive hydrogels: (a) electronic tattoo responsive to pH change 
[4] (b) actuator based on a bilayer of an inert material and a humidity-responsive one [5] (c) electronic 
skin responsive to force, temperature and humidity [3] (d) SEM cross section of a zinc oxide thin film 
with columnar growth [6]. 
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Molecules with a lower mass diffuses faster than heavier molecules in a mixture of gases at local 
thermodynamic equilibrium. We hypothesize that this phenomenon can be used to improve film 
uniformity and step coverage (SC) in CVD. We define SC as the film thickness at the sidewall in the 
bottom of a feature divided by the film thickness at the side wall at the top of the feature. Our concept 
is to add a heavy non-reactive molecule, as diffusion additive, to promote diffusion of the reactive gas 
species. We test this in a single precursor thermal CVD process.  
 
We have recently shown that perfectly conformal, i.e., SC = 1, BxC films can be deposited in 8:1 aspect 
ratio features from triethyl boron, B(C2H5)3 (TEB), in a hydrogen ambient at 450 °C substrate 
temperature and 5 kPa total pressure.1 However, we noted that 450 °C is the upper temperature limit 
for SC = 1 and that the SC decreases with higher temperature. The film density and composition 
improved close to B4C at temperatures above 45ׄ0 °C, making higher temperature deposition desirable.  
 
Here, we present our studies on adding a diffusion additive to the BxC CVD process. The molecular 
mass of TEB is 98 g/mole. A diffusion additive must thus have a molecular mass > 98 g/mole and be 
non-reactive at the CVD conditions, making Xenon (Xe), with an atomic mass of 131 g/mole, a suitable 
choice. We therefore added a co-flow of Xe to the TEB and hydrogen flows in the conformal BxC 
process. We note an increase in SC from 0.71 to 0.97 with the addition of Xe gas at 550 °C. We also 
note that the area of uniform film thickness in the reactor increased, while the film-substrate interface 
roughness decreased by a factor of about 50 % with the addition of Xe. These results indicate that our 
hypothesis of enhanced diffusion is correct. X-ray photoelectron spectroscopy measurements show no 
changes in the chemical state of the films with and without addition of Xe.  
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Beginning with the experiments of H. Kamerlingh Onnes [1] over a hundred years ago and sparked 
further with the discoveries by Bednorz and Müller [2], superconductivity has become one of the most 
thoroughly researched and utilised quantum mechanical phenomena, with the search for novel 
materials which exhibit the necessary properties being an ongoing process for more than a century. 
Recently, Stanev et al. [3] implemented machine learning modelling to propose novel materials which 
might exhibit superconductivity. In this work, we have attempted to synthesize AgCrO2, one of the 
materials listed by Stanev et al., as a candidate material, and investigate its properties.  
 
To synthesize the stacked nanostructures, we produced a number of thin film and/or particle 
combinations starting with either a Si or a Si/TiN substrate, onto which we deposited a layer of chromium 
oxide in various combinations with either dispersed Ag nanoparticles or an Ag thin film. Chromium oxide 
layers were produced in an atomic layer deposition process via surface reactions between tris(2,2,6,6-
tetramethyl-3,5-heptanedionato)chromium(III) [Cr(TMHD)3] and O3, using an in-house built flow type 
hot wall reactor. Prefabricated Ag nanoparticles were dispersed in an aqueous solution, and introduced 
to the sample surface by air-drying droplets from the dispersion. Ag thin films were deposited using 
thermal evaporation. After various combinations of chromium oxide and Ag, an electrode of gold, was 
deposited using electron beam evaporation and, afterwards, maskless photolithography was used to 
design the electrodes. Figure 1 presents the disain of the stacked nanostructures. 
 
To evaluate the structure, morphology and the distribution of Ag NPs (in samples that contained them), 
the samples were investigated with scanning electron microscopy, energy-dispersive X-ray 
spectroscopy and scanning transmission electron microscopy, both before and after the resistivity 
measurements. Based on preliminary evaluations of the samples, an initial set of samples was selected 
to measure their resistivity at temperatures down to 2 K. These measurements were carried out using 
a physical property measurement system. Through these measurements, some of the samples were 
found to exhibit superconductivity, with a Tc at around 3.5 K (Figure 2).  
 

Figure 1 A schematic overview of the prepared samples and the methods used to produce them. 
Chrome oxide is depicted in green. 
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Figure 2 Resistance measurements for two samples with a structure of Si|Tin|CrxOx|Ag(thin 
film)|CrxOx, showing  Tc at around 3.5K. A and B in the sample names indicate a difference in 
electrode distances, with a distance of 250 µm for sample A and 100 µm for sample B. 
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Metal thin films on polymers serve a variety of applications in industry, medicine and space travel. The 
Al-PoIyimide (PI) system investigated in this study offers high temperature resistance and good 
adhesion properties between substrate and coating. Previous studies [1, 2] attributed the favourable 
adhesive properties to the natural formation of a thin amorphous Al-O-C interlayer [3] (IL, 5 nm thick) 
between metal film and PI substrate. A novel cluster deposition setup at Empa Thun (SC-1, Swiss 
Cluster) allows combining atomic layer (ALD) and physical vapour deposition (PVD) without breaking 
vacuum. Using this system, we are uniquely able to mimic natural interlayers artificially, with 
resemblance in thickness, microstructure and eventually also chemistry. Overview and high-resolution 
TEM images of the natural interlayer (IL) in the Al-PI system are shown in Fig. 1, together with a model 
of artificial interlayer deposition using ALD/PVD.  
 
To study the mechanical and interfacial benefits of interlayers over a wide thickness range, Al thin films 
(150 nm, PVD) were deposited on a polyimide substrate with different Al2O3 interlayer thicknesses (ALD 
at room temperature, precursor sequence: Al(CH3)3 (TMA) + H2O, 1, 8, 42, and 208 cycles, nominal 
thicknesses: 0.12, 1, 5, and 25 nm). Ongoing work includes thorough analysis of the resulting interlayer 
chemistry (hydrogen-content) and high-resolution cross-sectional FIB/TEM analysis of the local 
interface structure, focusing on ALD surface coverage, growth per cycle (GPC) and potential post-
deposition diffusion and oxidation phenomena. Specifically, the comparison of a reference sample 
(natural interlayer) with the 5 nm artificial Al2O3 interlayer film system will show to what extend synthetic 
interlayer deposition can resemble natural interlayer formation. 
 
For mechanical testing, the Al/Al2O3 bi-layer films on polyimide were subjected to equi-biaxial tensile 
loading [4] and unloading with in-situ X-ray diffraction and electrical resistivity measurements at 
Synchrotron SOLEIL. All samples were tested up to a maximum applied strain of 8%. Thus, the 
evolution of Al film stress, width of the Al diffraction peak and electrical resistivity as a function of the 
strain and IL thickness could be determined. Additionally, post-mortem SEM images were analysed to 
obtain crack density and spacing, and correlate well to observed differences in the shape of the film 
stress-strain curves. Notably, all artificial bilayer systems show good adhesion, comparable to the 
reference film, and no delamination was observed. Significant embrittlement of the Al film due to the 
presence of a brittle interlayer [5, 6] was observed only for an Al2O3 thickness of 25 nm. This can be 
seen by a higher crack density indicated by orange arrows in Fig. 2 a and b. Regarding interface design, 
the comparison of 5 nm artificial versus natural interlayer reveals similar electrical resistivity but a 
difference in Al yield strength.  
 
Future work in this direction will include implementing molecular layer deposition (MLD) into our cluster 
deposition system, aiming for full chemical resemblance at the interface through the deposition of 
Alucones and further advancing towards gradient and intelligent interface structures for dissimilar 
composite materials.  
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Fig 1: Overview and high-resolution TEM images of a natural interlayer (IL) between Al and polyimide 
(left), model of artificial interlayer deposited using ALD (right). TEM images are adapted from Ref [1].  
 
 

 
Fig 2: Post-mortem SEM images of biaxially strained Al thin films with (a) 5 nm and (b) 25 nm artificial 
Al2O3 interlayers. Tensile directions are indicated by the orange cross on the top-right corner of the 
images and cracks are marked with orange arrows. Both samples were tested up to a maximum applied 
strain of 8%. A higher crack density is observed in the 25 nm artificial interlayer sample, signalling 
significant embrittlement of the Al top layer.  
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