


LEELIS 2021 

dear colleagues 

We are happy to welcome you to the fourth workshop on Low Energy Electrons: Imaging and Soft Matter, 
in short LEELIS 2021, organized by the Advanced Research Center for Nanolithography in Amsterdam. 
After the lively meetings at the Amsterdam Science Park in 2014, 2016 and 2018 the COVID-19 pandemic 
forces us to have the workshop in an on-line format this time, but we hope that we can get close to the 
spirit of the previous meetings. There is still a lot to discuss! 

As before, the LEELIS workshop brings together an international group of scientists from diverse 
backgrounds to discuss the advances in the research on the interaction between low energy electrons and 
matter. These interactions play a key role in manufacturing technologies such as Extreme Ultraviolet and 
e-beam lithography, as well as in imaging techniques, including scanning electron microscopy, X-ray
microscopy, and low electron microscopy. The common feature in all these cases is that photons or
electrons ionize matter, which leads to a cascade of secondary electrons. The details of the physical
relaxation pathways, and of the mechanisms of the chemical conversions that are induced in these
processes, however, remain unclear.

The LEELIS workshop intends to be an interdisciplinary platform for the exchange of experimental and 
theoretical insight into these fundamental questions, but also to look into the technological impact of this 
knowledge. For example, we know that in photoresists for Extreme Ultraviolet Lithography even very-low-
energy electrons induce chemical conversion. If the electrons generated in the cascade can diffuse 
substantially from the point of primary impact, how does that limit the attainable resolution in 
nanolithography and imaging? 

The workshop is distributed over three half-days, accommodating the time zones from China and Europe 
to the USA as well as possible. It comprises invited lectures, oral presentations and poster presentations, 
and a panel discussion, all using the zoom on-line platform, together with an on-line tool for informal 
communication. We very much look forward to an exciting meeting and we hope you will enjoy the 
discussions at LEELIS 2021! 

The organizers 

Fred Brouwer (ARCNL and University of Amsterdam) 
Kees Hagen (TU Delft) 
Sonia Castellanos (Inpria) 
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LEELIS2021, Low-energy electrons: Lithography, Imaging, and Soft Matter 

Scientific Program  

Wednesday November 17 

14.00 – 15:25    Chair: Fred Brouwer (Univ. of Amsterdam and ARCNL, NL) 
14.00 – 14:05 Opening 

Joost Frenken (ARCNL, Netherlands) 
14:05 – 14:45 

invited 
New Resist Platforms for Ultrathin film Applications  
Subrata Ghosh (IIT, Mandi, India) 

14:45 – 15:25 
invited 

Optimising the Multi Trigger EUV Resist 
Alex Robinson (Univ. Birmingham, Irresistible Materials Ltd, UK) 

15:25 – 15:40 Break 

15:40 – 16:40    Chair: Howard Fairbrother (Johns Hopkins Univ., Baltimore, USA) 
15.40 – 16:00 Focused Electron Beam Induced Mass Spectrometry – new, versatile 

method of in-situ analysis of nanomaterials 
Jakub Jurczyk, L. Pillatsch, L. Berger, A. Priebe, K. Madajska, Cz. Kapusta, I. B. 
Szymańska, J. Michler and I. Utke (EMPA, Switzerland) 

16:00 – 16:20 Soft-X-ray absorption and photoemission spectroscopy of tin-oxo cage 
Extreme Ultraviolet photoresists 
Najmeh Sadegh, M. van der Geest, Q. Evrard, S. Nannarone, A. Giglia, N. Mahne, 
P.M. Kraus, A.M. Brouwer (ARCNL, Netherlands)

16:20 – 16:40  Role of electron-induced chemistry in a resist for extreme ultraviolet 
lithography (EUVL) 
Markus Rohdenburg, Neha Thakur, René Cartaya, Sonia Castellanos, Petra 
Swiderek (Univ Bremen, Germany) 

16:40 – 17:00 Break 

17:00 – 18:00    Chair: Sonia Castellanos Ortega (Inpria, Belgium) 
17:00 – 17:20 Methylammonium lead tribromide as extreme ultraviolet scintillators 

Maarten van der Geest, L. McGovern, G. Grimaldi, S. van Vliet, H.Y. Zwaan, R. 
Bliem, B. Ehrler, P.M. Kraus (ARCNL, Netherlands) 

17:20 – 18:00 
invited 

Ab-initio modeling of EUV-induced processes 
David Prendergast (LBNL, USA) 

18:00 Closure  
Fred Brouwer (UvA and ARCNL, Netherlands) 

Thursday November 18 

14:00 – 15:20    Chair: Sense Jan van der Molen (Leiden Univ., NL) 
14:00 – 14:40 

invited 
Electron induced physical-chemical modifications - towards quantitative 
data 
Anne Lafosse (CNRS, Orsay, France) 

Amsterdam time, GMT+1
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14:40 – 15:20 
invited 

Visualizing low energy electron - molecule interactions in space and time 
Jacob Hoogenboom (TU-Delft, Netherlands) 

 
15:20 – 15:40 Break 
 
15.40 – 16:40    Chair: Kees Hagen (TU-Delft, NL) 
15.40 – 16:00  Low-Energy Electron Irradiation Damage in Few-Monolayer Pentacene 

Films 
Arash Tebyani, F.B. Baalbergen, R.M. Tromp, S.J. van der Molen 
(Univ. Leiden, Netherlands) 

16:00 – 16:40 
invited 

A new electron yield measurement system for model validation 
John Villarrubia (NIST, Gaithersburg, USA) 

 
16:40 – 17:00 Break  (poster session is opened) 
 
17:00 – 18:00 Poster session 
18:00 Closure  

Sonia Castellanos Ortega (Inpria, Belgium) 
 

Friday November 19 
 
14:00 – 15:20    Chair: Peter Kraus (ARCNL, NL) 
14:00 – 14:40 

invited 
Electron distribution of EUV photoresist during exposure: a model 
Roberto Fallica (IMEC, Belgium) 

14:40 – 15:00 
 

 
 
15:00 – 15:20 

Can fluorine improve the performance of tin-based EUV photoresists? 
Quentin Evrard, Najmeh Sadegh, Benjamin Watts, Nicola Mahne, Angelo Giglia, 
Stefano Nannarone, Yasin Ekinci, Michaela Vockenhuber and Albert M. Brouwer 
(ARCNL, Netherlands) 
Nanofabrication of Metallic Palladium Deposits by Electron Beam 
Irradiation 
Alba Salvador-Porroche, Lucia Herrer, Soraya Sangiao, José María de Teresa and 
Pilar Cea (Univ. Zaragoza, Spain) 
 

15:20 – 15:40 Break 
 
15:40 – 17:00    Chair: Nigel Mason (Univ. Kent, UK) 
15:40 – 16:20 

invited 
Progress and outlook towards High-NA EUV Materials 
Jara Garcia Santaclara (ASML, Netherlands) 

16:20 – 17:00 
invited 

Study of nanomaterials by ultra low energy electron 
microscopy/spectroscopy outside ultra high vacuum 
Eliška Materna Mikmeková (ISI, Brno, Czech Rep.) 

 
17:00 – 17:20  Break 
 
17:20 – 18:00    Moderator: Lisa McElwee-White (Univ. Florida, Gainesville, USA) 
17:20 – 18:00  Panel discussion  

Reinder Coehoorn (TU Eindhoven, NL), David Prendergast (LBNL, USA), Jara 
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Garcia Santaclara (ASML, NL), Petra Swiderek (Univ. Bremen, Germany), and 
Wolfgang Werner (Univ. Vienna, Austria). 

18:00 – 18:05 (Formal) closure 
Kees Hagen (TU-Delft, NL) 

18:05 – 19:00 Informal continuation of the discussion 
19:00 End of all sessions 

 

3



LEELIS2021, Low-energy electrons: Lithography, Imaging, and Soft Matter 

Poster Program  

Poster 
number 

Title, Authors, (Presenting author (bold) affiliation) 

P1 Secondary Electron Emission by Plasmon Induced Symmetry Breaking in  Highly 
Oriented Pyrolytic Graphite (HOPG) 
Wolfgang S.M. Werner, Philipp Ziegler,Vytautas Astasauskas, Alessandra Bellissimo, 
Lukas Linhart and Florian Libisch (TU Vienna, Austria) 

P2 A gas phase study on the low energy electron-induced dissociation of potential 
gold-containing precursors for FEBID technique 
Ali Kamali, E. Bilgilisoy, W. Carden, T. Gentner, S. Harder, L. McElwee-White, H. 
Marbach, O. Ingólfsson (Univ. Iceland) 

P3 A descriptive study on the Low energy electron induced dissociation of TFMAA, a 
model compound for EUVL resists 
Reza Tafrishi, Daniela Torres-Diaz, Lionel Amiaud, Oddur Ingólfsson, Anne Lafosse 
(Univ. Iceland) 

P4 Visualization and manipulation of reversible electron-molecule dynamics using 
fluorescence microscopy 
Yoram Vos, Mathijs W.H. Garming, Kees (C.) W. Hagen, Jordi Hernando and Jacob P. 
Hoogenboom (TU-Delft, Netherlands) 

P5 Charge Stabilization in Butadiene Clusters 
Jaroslav Kočišek, Michal Fárník, Juraj Fedor, Alicja Domaracka, Suvasthika Indrajith, 
Patrick Rousseau, Jakub Med, Štěpán Sršeň, Petr Slavíček (Inst. Phys. Chem. Prague, 
Czech Rep.) 

P6 Rapid cryogenic cooling and heating stage development for ice lithography to 
enhance throughput 
Rubaiyet I. Haque, Affan K. Waafi and Anpan Han (DTU, Denmark) 

P7 Gas Injection Module for 3D Ice Lithography 
Affan K. Waafi, Rubaiyet I. Haque, Giuliano Bissaco, Anpan Han (DTU, Denmark) 

P8 An Ultrafast, EUV Laboratory for Characterization and Evaluation of 
Semiconductor Materials and Components - the imec AttoLab 
Kevin Dorney, Fabian Holzmeier, Esben W. Larsen, Dhirendra Singh, Michiel van 
Setten, Thomas Nuytten, Paul van der Heide, John Petersen (IMEC, Belgium) 

P9 Charged Particle-induced Surface Reactions of Ru(CO)4I2
Jo-Chi Yu, Rachel M. Thorman, D. Howard Fairbrother and Lisa McElwee-White (Univ. 
Florida, Gainesville, USA) 

444
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New Resist Platforms for Ultrathin film Applications

Subrata Ghosh
School of Basic Sciences

Indian Institute of Technology Mandi

While electronic chip fabrication is possibly moving toward 3 nm technology node by

2022,  the  development  of  resists  that  can  work  at  very  low  thickness  is  highly

desirable.  Although  organic  polymeric  resists  have  been  the  workhorses  for

semiconductor fabrication over the past many decades, seems they are reaching

their resolution particularly for ultrathin film application. In this regard, various hybrid

resists  including  the  inorganics  are  being  anticipated  to  be  the  potential

replacements  of  traditional  polymeric  resists  for  future  technology  nodes.  This

presentation will provide an overview of our recent efforts on developing new resist

compositions  and  understanding  the  role  of  halogens  as  well  as  organometallic

species in patterning nanofeatures for sub-15 nm technology nodes. We have been

successful  in  patterning  12  nm  dense  features  as  well  as  sub-10  nm  isolated

features with film thickness approximately 15 nm. The patterning was done using

electronbeam lithography (EBL) and helium ion beam lithography (HIBL), and the

patterned features were characterized through FE-SEM and AFM studies.  

References:

1. Sharps, M. C.; Frederick, R. T.; Javitz, M. L.; Herman, G. S.; Johnson,
D. W.;  Hutchison,  J.  E.  Organotin  Carboxylate  Reagents  for
Nanopatterning:  Chemical  Transformations  during  Direct-Write
Electron Beam Processes. Chem. Mater. 2019, 31 (13), 4840–4850.

2. Peter, J.; Moinuddin, M. G.; Ghosh, S.; Sharma, S. K.; Gonsalves, K. E.;
Organotin  in  Nonchemically  Amplified  Polymeric  Hybrid  Resist
Imparts  Better  Resolution  with  Sensitivity  for  Next-Generation
Lithography. ACS Appl. Polym. Mater. 2020, 2 (5), 1790–1799.

4. Del  Re,  R.;  Passarelli,  J.;  Sortland,  M.;  Cardineau,  B.;  Ekinci,  Y.;
Buitrago, E.; Neisser, M.; Freedman, D. A.; Brainard, R. L. Low-Line
Edge  Roughness  Extreme  Ultraviolet  Photoresists  of  Organotin
Carboxylates. J. Micro/Nanolithography, MEMS, MOEMS 2015, 14 (4),
043506.
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Optimising the Multi Trigger EUV Resist

C. Popescua, G. O’Callaghana, A. McClellanda, J. Rothb, E. Jacksonb, P.H. Facklerc,
R. Dammeld, M. Moinpourd, K.K. Sid, A.P.G. Robinsona,b

aIrresistible Materials, Birmingham Research Park, Birmingham, UK
bNano-C, 33 Southwest Park, Westwood, MA, USA.

c Merck KGaA. Frankfurt Strasse 250. D-64293 Darmstadt Germany
d EMD Electronics Corp, 70 Meister Ave., Somerville, NJ 08876, USA

e-mail: a.p.g.robinson@bham.ac.uk

Keywords:  EUV lithography,  photoresist,  molecular resist, multi-trigger resist, chemical amplification,
crosslinking

As progress in lithography tools has continued it has become increasingly necessary to explore novel concepts
to enable the required performance in the photoresist. Aside from well-known challenges in resolution, line
width roughness and sensitivity, the suppression of stochastic failures has become significantly more important
as feature sizes continue to decrease. The implementation of high-NA EUV will only add additional challenges
such as the requirement for extremely thin resists. 

One potential approach is the multi-trigger concept wherein a reaction will only occur when multiple elements
of the resist are initiated concurrently and in close spatial proximity. In a multi-trigger resist multiple elements
of the resist must be simultaneously activated to enable the catalytic reactions to proceed. In high dose areas the
resist therefore behaves like a traditional CAR, whilst in low dose areas, such as line edges, the reaction is
second-order increasing the chemical gradient. Effectively there is a dose dependent quenching-like behavior
built into the resist, enhancing chemical contrast and thus resolution and reducing roughness, whilst eliminating
the materials stochastics impact of a separate quencher. 

We will present recent results on optimization of the MTR resist. In particular we have investigated variation of
the EUV absorption of the resist material, variations in the structure of the crosslinking groups, and the effect of
varying the activation energy of the self-quenching aspect of the MTR system. 
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Theoretical approaches to addressing EUV lithographic processes at
molecular scales

David Prendergast
The Molecular Foundry, Berkeley Lab

e-mail: dgprendergast@lbl.gov

Connecting excited state generation with the resultant chemical or material outcome in EUV
lithography presents many challenges that span time and length scales. This talk provides
an  overview  of  theoretical  modeling  from first-principles  that  can  help  to  address  these
challenges  and  connect  with  experimental  characterization and  materials  development.
Specifically, we will summarize our recent work on (1) EUV absorption; (2) the connection
with core-level spectroscopy and the ultrafast pump-probe or chemical dynamics research
community; (3) low-energy electron-induced reactivity and (4) the theoretical challenge to
address materials evolution over larger scales. The computational methods employed draw
mostly from the electronic structure community.
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Electron induced physical-chemical modifications - towards quantitative data

Anne Lafosse 1, Reza Tafrishi 2, Daniela Torres-Diaz 1,
Lionel Amiaud 1 and Oddur Ingólfsson 2

1 Orsay Institute for Molecular Sciences, Université Paris-Saclay, Orsay, France
2 Science Institute and Department of Chemistry, University of Iceland, Reykjavík, Iceland

e-mail: anne.lafosse@universite-paris-saclay.fr

Focused Electron Beam Induced Deposition (FEBID)  and Extreme Ultra Violet light (EUV)
lithography involve the decomposition of molecular entities / films under irradiation by high-
energy beams with energies well  above  any ionization thresholds.  The large amounts of
resulting secondary electrons, of low energies (0  E  20 eV), contribute significantly to the
lithographic processing. The design of the precursor molecular entities is a key element for
an  efficient  decomposition,  optimizing  the overall  process.  Of  particular  interest  are  the
characterization  of  the  precursor  chemical  evolution,  the  understanding  of  the  dominant
underlying chemical processes including the low-energy electrons (LEE) contribution, and
the quantitative characterization of decomposition pathways.
In the “electrons-solids” UHV setup at ISMO, thin films of precursors are submitted to high-
energy (92 eV) vs. low-energy (< 15 eV) electron irradiation. Damages leading to the release
of  neutral  volatile  fragments  are  probed “in  operando”  during  the electron irradiation  by
quadrupole mass spectrometry (Electron Stimulated Desorption studies). The film residues
and deposits are analyzed by Temperature Programmed Desorption (TPD).

Gold (28 K)

Molecular 
film

TPD
Vibration. 
analysis

electron
irradiation

92 eV
vs. < 15 eV

QMS
Neutral 

detection

ESD analysis Residue analysis

TPD
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First studies dealing with a potential copper precursor for FEBID focused on secondary low-
energy electron induced decomposition. An efficient resonant mechanism was observed and
the associated effective cross section was determined [1].
Electron irradiation at low-energy has been compared to electron irradiation at high-energy
(92 eV)  for  thin  molecular  films  of  2-(trifluoromethyl)acrylic  acid,  a  model  halogenated
unsaturated compound [2] of potential interest for developing alternative EUV resists. A very
complex chemistry has been observed at high-energy, showing a first kinetic order over a
restricted low-fluence regime, and the production of hydrogen fluoride HF was ascribed to
near 0 eV secondary electrons.

[1] L. Sala et al., Beilstein J. Nanotechnol. 9 (2018) 57
[2] R. Tafrishi et al., in preparation
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Visualizing low energy electron - molecule interactions in space and time

Yoram Vos1, Aditi Srinivasa Raja1, Jacob P. Hoogenboom1 
1 Dept of Imaging Physics, Delft University of Technology, Delft, the Netherlands

e-mail: j.p.hoogenboom@tudelft.nl

Electron beam irradiation of  organic  materials  leads to structural  and chemical  changes,
which are exploited for nano-patterning in lithography and a limiting factor for high-resolution
microscopy. The course and spatial extent of the interactions between the organic molecules
and energetic electrons ultimately define the resolution limits in both electron lithography and
microscopy. Understanding and visualizing the dynamics involved in these reactions is thus
an  essential  step  for  directing  these  reactions  towards  damage  mitigation  or  resolution
enhancement. Experimental studies are often conducted under gas phase conditions and
typically target electron-molecule reaction end products, such as the chemically converted
molecules or dissociation fragments. While this has provided important insights, for instance
in the electron energy dependence of  respectively excitation,  dissociation,  and ionization
mediated pathways, it leaves in-situ intermediate and transient dynamics obscured. 

We  have  explored  the  direct  visualization  of  electron-sample  interactions  using  a
fluorescence  microscope  integrated  into  a  scanning  electron  microscope  (SEM).  The
integrated  microscope  allows  monitoring  the  sample  before,  during,  and  after  (focused)
electron  irradiation.  We  then  use  fluorescent  molecules  as  a  probe  for  electron-matter
interactions.  Before  electron  irradiation,  the  fluorescent  molecules,  homogeneously
dispersed  over  the  sample,  give  rise  to  a  steady  signal  detected  by  the  fluorescence
microscope.  Electron exposure leads to a sudden drop in the fluorescence signal  in the
exposed area. We attribute this decrease in fluorescence to both electron induced molecular
decomposition  (bleaching)  and  the  formation  of  non-fluorescent  anionic  molecules
(darkening). Monitoring fluorescence from the exposed area in time after exposure reveals a
partial recovery of fluorescence signal consisted with charge dissipation in the sample and a
return  of  some  anionic  molecules  to  the  fluorescent  neutral  form.  Studying  the  relative
contributions of darkening and bleaching as a function of electron landing energy in the 0-
20 eV regime reveals the energy dependent cross-sections for different electron-molecule
reaction pathways. Direct attachment of very low energy (<5 eV) electrons is found to be the
main contributor to the reversible part  of  the fluorescence decay. Our results reveal that
charge relaxation can take place over time scales of seconds after irradiation. Further, by
monitoring the spatial extent of fluorescence darkening, we can also visualize the migration
of electron-excited charge carriers in the sample, revealing diffusion of charge carriers over
several micrometers from the irradiated area. 
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A new electron yield measurement system for model validation

J. S. Villarrubia

National Institute of Standards and Technology, Gaithersburg, MD, USA

Nanotechnology applications often demand dimensional measurements with very low
uncertainties. For example, the most recent IRDS calls for metrology tool uncertainty of
less than 0.33 nm for widths of isolated printed lines in 2022.[1] The scanning electron
microscope (SEM) beam spreads by more than this amount, so such uncertainties
require accurate model-based signal interpretation. Schematically,  with I
the measured signal, x the lateral coordinate, p the vector of sample and instrument
parameters, and M the physics-based model function. Unknown parameters including
e.g., feature shape and size, may be assigned by a best fit criterion[2,3] or other model-
validated procedure[4].

Models are approximate, there are many of them, and their differences are especially
notable at low energies.[5] The associated errors are difficult to estimate. Ideally,
measurements would narrow the choices, but measured basic quantities like secondary
electron yield vary by factors of 2 to 4 among laboratories.[6 and references therein] It is
likely that much of the inter-laboratory variation is due to variation in surface cleanliness.

We are constructing a yield measurement instrument to address this problem. It will be
inside an ultra-high vacuum chamber with facilities for sample cleaning and
characterization (Fig. 1). A spherical retarding field analyzer (RFA, Fig. 2) will measure
secondary and backscattered electron yields and energy spectra as functions of beam
energy and angle of incidence. The RFA is designed to have high collection efficiency
that is nearly constant with angle.

[1] International Roadmap for Devices and Systems, 2020 Edition, Metrology, https://
irds.ieee.org/, downloaded Dec. 9, 2020

[2] J.S. Villarrubia, A.E. Vladár, B. Ming, R.J. Kline, D.F. Sunday, J.S. Chawla, S. List,
Ultramicroscopy 154 (2015) 15

[3] Y.B. Zou, M.S.S. Khan, H.M. Li, Y.G. Li, W. Li, S.T. Gao, L.S. Liu, Z.J. Ding, Measure-
ment 123 (2018) 150

[4] K.T. Arat, J. Bolten, A.C. Zonnevylle, P. Kruit, C.W. Hagen, Microsc. Microanal. 25
(2019) 903

[5] D. Emfietzoglou, I. Kyriakou, R. Garcia-Molina, I Abril, Surf. Interface Anal. 49 (2017) 4
[6] D.C. Joy, Scanning 17 (1995) 270

I x  M x p; =

Fig. 1. Overview of the turbo- and ion-pumped
UHV system: Sputtering, heating, and
reactive cleaning are available left of the
central gate valve. Sample characterization
and yield measurement are to the right.

Fig. 2. Schematic of the yield measurement
RFA: Concentric shells represent a magnetic
shield (green), a collector (orange), and 3
high-transmission grids (gray) to energy filter
emitted electrons.
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Electron distribution in EUV photoresists during
exposure: a model

Roberto Fallica

IMEC, Leuven (Belgium)
roberto.fallica@imec.be

Recent  experimental  evidence indicates  that  scattering processes  involving  electrons  of  very low
kinetic energy (« 10 eV) play a main role in chemical reactions in organic molecules [1] in gas phase
[2,3].  As such,  desorption mechanisms [4]  have technologically  relevant  applications  in  electron-
beam and ionizing photon-beam lithography. A relevant example of this latter type of lithography is
the  extreme  ultraviolet  (EUV)  lithography  which  uses  92  eV  photons  and  is  the  cutting-edge
technology for high volume manufacturing of microelectronic circuits. 
To fully understand and optimize the functionality of EUV photoresists in which low energy electrons
mediated the exposure process, the energy distribution of electrons inside the material must be known.
Photoemission spectroscopy is being widely used to this purpose but vacuum barrier crossing and
nonideal  photoemissivity  alter  the  measured  spectra  (Next)  in  a  way  that  prevents  meaningful
assessment of the low energy range. 
In this work we propose a model that accounts for the physics of photoemission to reliably estimate
the electron distribution in solid state during exposure to EUV light. The following assumptions are
made: the photoresist is considered an insulator with a large bandgap; the electronic cascade during
exposure to EUV light takes place in the conduction band which has a given density of states (DOS)
ranging from the lowest unoccupied molecular orbital (LUMO) to the highest possible (= primary
electron)  energy;  and  that  the  photoemission  process  (PE)  plays  a  role  of  energy-wise  transfer
function, as symbolically shown in the following Figure. We tested the model on the photoemission
spectra  acquired  on  a  prototype  EUV photoresist  and  report  here  the  results.  In  conclusion,  the
proposed model provides knowledge of the photoemission function which in turn allows to reveal the
electronic distribution inside the material (Nint).
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The contributions of Stefano Nannarone, Nicola Mahne, Andrea Marco Malvezzi, Andrea Berti 
(CNR-IOM, Trieste, Italy) and of Danilo De Simone (IMEC, Belgium) are kindly acknowledged.
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Progress and outlook towards High-NA EUV Materials 

Jara G. Santaclaraa, Gijsbert Rispensa, Joost Bekaertb, Arame Thiamb, Mark Maslowa, Rik 
Hoefnagelsa

1 ASML, The Netherlands 
2 IMEC, Belgium 

e-mail: jara.garciasantaclara@asml.com

As feature sizes continue to shrink, low k1 lithographic processes are required to advance 
chip technologies. To achieve actual gains in resolution, both the advances in optical systems 
and imaging capabilities, as well as the improvements in EUV materials and photoresists are 
key.  

Researchers today are evaluating the readiness of State-of-the-art materials and processing 
needed for future applications with 0.33NA exposures at the ASML-imec Advanced Patterning 
Center, together with studies involving High-NA exposure tools at Lawrence Berkeley National 
Laboratories and the Paul Scherrer Institute. 

This talk will give a broad overview of the progress and innovations on high resolution 
photoresists and patterning processes, and will highlight the key areas of development needed 
towards high-NA EUV lithography. 
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Contamination mitigation strategy for ultra-low energy electron microscopy 

Eliška Materna Mikmeková 1, 2, Ilona Müllerová 1, Luděk Frank 1 and Tewodros Asefa 2 

1 Department of Electron Microscopy, Institute of Scientific Instruments of the CAS, v. v. i., 
Brno, Czech Republic 

2 Department of Chemistry and Chemical Biology and Department of Chemical and 
Biochemical Engineering, Rutgers University, Piscataway NJ, USA 

e-mail: Eliska.Mikmekova@isibrno.cz

Development of the new materials, such as 2D crystals, requires the emergence of new 
surface-sensitive techniques for their characterization. As regards the surface sensitivity, the 
scanning low energy electron microscopy (SLEEM) can become a very powerful tool for the 
true examination of these atom-thin materials, capable of confirming physical phenomena 
predicted to occur on their surfaces. The advantage of modern commercial scanning electron 
microscopes is the possibility to enable imaging and analysis by low-energy electrons even at 
very high magnification.  

Probably the most straightforward expectation connected to the low energy electron 
microscopy observation is the reduced penetration of electrons into the samples. Naturally, 
for a true “surface” study, the sample has to be perfectly clean and an in-situ cleaning method 
is required. Although it is known that contamination molecules can come from the residual 
atmosphere of microscope and specimen-borne contaminants are the main contributors. A 
range of various surface cleaning methods can be applied to selected samples. Typical 
cleaning methods, such as solvent rinsing, heating, bombarding with ions, and plasma etching 
have their limitations. [1, 2] Nevertheless, the real surface studies the nanomaterials in 
microscopes equipped with selected spectroscopic techniques are not common so far, which 
is due to significant problems associated with the sample contamination under the electron 
beam. Since the specimen contamination increases with increasing of the electron dose and 
decreasing landing energy, specimen cleanness is a critical factor in obtaining meaningful 
data by low-voltage SEM/STEM.  

Even a small amount of hydrocarbon contamination can severely impact the results obtained 
with low-energy electrons. [3] During the scanning of surfaces by electrons, the image usually 
darkens because a carbonaceous layer gradually deposits on the top from adsorbed 
hydrocarbon precursors. This effect is called electron-stimulated deposition. The surface 
diffusion of hydrocarbon molecules around the irradiated area serves as a source of additional 
precursors responsible for an even darker frame of the contaminated field of view. On the 
other hand, the effect of electron stimulated desorption occurs at the same time, especially at 
low energies. So, the fundamental question arises, whether the deposition of desorption will 
dominate, which depends on parameters settings in SEMs. Examination of the phenomena 
taking place on surfaces bombarded with very slow electrons may open the door to many 
surface studies outside an ultrahigh vacuum.  

[1] A. Vladar, M. Postek. Microscopy and Microanalysis 11(S02) (2005) 764

[2] L. Frank, E. Mikmeková, M. Lejeune. Applied Surface Science 407 (2017) 105

[3] E. Materna Mikmeková, et al. Journal of Electron Spectroscopy and Related Phenomena
241 (2020) 11 

[4] The authors acknowledge funding from the Technology Agency of the Czech Republic
(Centre of Electron and Photonic Optics, no: TN01000008) and Fulbright program.
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Focused electron beam induced mass spectrometry (FEBiMS) is a novel analytical 
method, which allows for measurement of volatile ionic products of electron-induced 
dissociation of a compound, see figure 1a. It employs a focused electron beam (FEB) 
from a scanning electron microscope operated at high vacuum conditions > 10-6 mbar. 
So far, electron-induced reactions were investigated by mass spectrometry for gases or 
cryogenically condensed precursors in ultra-high vacuum [1]. The detection of volatile 
products during irradiation is important for nanostructuring methods like focused electron 
beam deposition (FEBID) [2] or ice lithography [3]. FEBiMS is a progression of the well-
known FIB-SIMS method (focused ion beam - secondary ion mass spectrometry) – a 
powerful tool for nanocharacterization [4]. By using a time-of-flight (TOF) detector 
combined with a FEB, charged products of e-beam irradiation of three solid state 
compounds Ru3(CO)12, Ag2(µ-O2CC2F5)2, Cu2(µ-O2CC2F5)4 were obtained. The 
fragmentation of W(CO)6 was monitored during FEBID, see figure 1b. The latter 
experiment was the first real-time detection of charged species desorbing from the 
surface during FEBID. We will present first experimental results and discuss advantages 
and challenges of FEBiMS as a novel characterization method. 

Fig. 1: a) Schematic representation of focused electron beam induced mass spectrometry (FEBiMS) during focused 
electron beam induced deposition (FEBID): gaseous precursor is delivered via gas injection system (GIS) over the 
substrate, where it adsorbs and is irradiated with electrons to yield a deposit on the surface. b) Volatile fragments are 
registered by the ion extractor giving the full-range mass spectrum via the time-of-f light mass spectrometer.  

[1] J.A. Spencer, S.G. Rosenberg, M. Barclay, Y.-C. Wu, L. McElwee-White, D. Howard
Fairbrother, Applied Physics A 117(4) (2014) 1631-1644.
[2] S. Barth, M. Huth, F. Jungwirth, Journal of Materials Chemistry C 8(45) (2020) 15884-
15919.
[3] D. Zhao, A. Han, M. Qiu, Science Bulletin 64(12) (2019) 865-871.
[4] J.A. Whitby, F. Östlund, P. Horvath, M. Gabureac, J.L. Riesterer, I. Utke, M. Hohl, L.
Sedláček, J. Jiruše, V. Friedli, M. Bechelany, J. Michler, Advances in Materials Science
and Engineering 2012 (2012) 180437.
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Soft-X-ray absorption and photoemission spectroscopy of tin-
oxo cage Extreme Ultraviolet photoresists 

N. Sadegh1, M. van der Geest1, Q. Evrard1, S. Nannarone,2 A. Giglia,2 N. Mahne,2 P.M.
Kraus1, A.M. Brouwer1
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Amsterdam, The Netherlands  

2 IOM-CNR, 34149 Basovizza, Trieste, Italy 

e-mail: n.sadegh@arcnl.nl

Tin-based molecular EUV resists are of great interest to study due to their high absorption 
cross-section of approximately 12 µm-1 at EUV (13.5 nm) wavelength.  

In this work, we present a clearer image of the contribution of photons and electrons to the 
dissociative reaction mechanism upon exposure in tin based inorganic resists taking 
advantage of soft-X-ray broadband absorption spectroscopy and photoemission 
spectroscopy. The dissociative reaction is assumed to be the main underlying reason for the 
solubility switch in inorganic EUV resists such as tin oxo cage molecular resists [1,2]. 

Soft-X-ray broadband pulses from a homemade high harmonic generation setup were used to 
observe the induced changes in the absorption spectrum of the resists with exposure. For this 
study, broad pulses with photon energies of 25-40 eV and 40-70 eV from high harmonic 
generation in argon and in neon were used as the exposure source, respectively. The 
recorded changes in the absorption spectrum of the resists, known as optical bleaching, are 
correlated to the already proposed photo-dissociation reaction mechanisms through Dill 
parameters. 

In a complementary approach, narrow band soft-X-ray radiation from Elettra synchrotron was 
used to study the resist's low energy photoelectron driven chemistry. 

Using X-ray photoelectron spectroscopy, we present a thorough insight into the molecular and 
atomic orbitals involved in the photo disassociation reaction. Interestingly, the highest 
photoelectron counts from the 4d tin orbitals were observed at the incident energy of 92 eV.    

Furthermore, we investigated the absorption spectrum of the resist and its evolution with 
exposure in TEY (Total Electron Yield) mode in the energy range 5-150 eV. The TEY spectrum 
reveals an apparent deviation from the resist's absorption spectrum calculated from the atomic 
scatting factors, mainly due to the electron yield change with photon energy. The maximum 
electron yield is recorded in the range of 12-20 eV due to the photoemission of electrons from 
the molecular valence orbitals. The TEY spectrum shows a broad peak around 92 eV, which 
agrees favourably with the observed maximum electrons for 4d tin orbitals at this energy from 
the XPS measurements [3].  

[1] W. D. Hinsberg, S. Meyers, Proc. SPIE 10146,1014604 (2017).
[2] J. Haitjema, et al., Phys. Chem. Chem. Phys. 23, 20909-20918 (2021).
[3] Y. Zhang, et al. Appl. Phys. Lett. 118, 171903 (2021).
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The chemistry driven by low-energy electrons plays a decisive role in state-of-the-art 
nanofabrication processes. This has been the focus of recent European concerted research 
networks [1,2]. In focused electron beam induced deposition (FEBID), low-energy secondary 
electrons (LESEs) are released when a keV electron beam impinges on a surface. The LESEs 
then dissociate adsorbed metal organic precursor molecules to generate a solid deposit. 
Extreme ultraviolet lithography (EUVL) applies 92 eV photon irradiation via a mask to locally 
transform a resist layer and thus imprint patterns on a surface. EUV absorption releases 
photoelectrons (PEs) that again create LESEs. To unravel the role of these electrons in EUVL, 
we have studied a novel Zn oxocluster resist with carboxylate ligands [3]. Volatile species that 
desorb from the resist during electron irradiation were monitored by mass spectrometry 
(Fig. 1) and pristine and irradiated samples were characterized by infrared spectroscopy. The 
results show that the reactions in the resist are closely related to the electron-induced 
chemistry of novel FEBID precursors with a similar ligand architecture. Most importantly, we 
show that low-energy electrons together with the initial photoelectron in fact make a substantial 
contribution to the resist chemistry that leads to the desired solubility switch upon EUV 
absorption. 

[1] http://celina.uni-bremen.de/celina
[2] https://www.elena.hi.is
[3] M. Rohdenburg, N. Thakur, R. Cartaya, S. Castellanos, P. Swiderek,

Phys. Chem. Chem. Phys. 23 (2021) 16646. 2021 PCCP HOT Article

Figure 1. Electron irradiation experiments show that low-energy electrons make a substantial 
contribution to the chemistry of a novel Zn oxocluster resist under EUV exposure. 
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Methylammonium lead bromide (MAPbBr3) is part of the inorganic-organic lead trihalide family 
of compounds that has received a lot of attention in the scientific community since the early 
2010’s due to many favorable properties suitable for diverse applications, including solar cells, 
radiation detectors, lasers and LED’s. These properties include >1 µm charge carrier and 
exciton diffusion lengths, strong absorbance in relevant wavelength ranges including the 
ultraviolet-visible and X-ray ranges, resistance to radiation damage and facile and flexible 
synthesis procedures.[1] 

Although MAPbBr3 has proven suitable for X-ray detection, no similar investigation has been 
conducted in the case of extreme ultraviolet (XUV) exposure.[2] Photons in the XUV range 
between approximately 12 and 120 eV (100-10 nm), especially on the lower energy end of 
that range, are strongly absorbed by almost every material and therefore hard to detect. 
Indirect detection through photoluminescence is an option, but rapid photobleaching and 
strong absorbance limit performance in the most popular scintillators. 

We present the surprising ability of MAPbBr3 to counteract this photobleaching, as can be 
seen in Fig.1 where spectral intensity as a function of accumulated dose is compared with 
XUV scintillator sodium salicylate. We present evidence that the photobleaching counteraction 
in MAPbBr3 occurs due to a passivation reaction excited by the XUV induced photoelectron 
occurring at the surface of the material, due to the very high carrier concentration it excites 
locally. We also discuss methods of using this discovery for pre-treating MAPbBr3 with ozone 
to improve XUV scintillation properties 

[1] Stranks, S. D. et al. Science 342, 341–344 (2013).
[2] Moseley, O. D. I. et al. J. Mater. Chem. C 9, 11588–11604 (2021).

Fig.1. Photobleaching effect on the spectral intensities of sodium salicylate and MAPbBr3 as 
a function of accumulated XUV Dose 
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Low-Energy Electron Irradiation Damage in Few-Monolayer Pentacene 

Films 
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Interaction of low-energy electrons (LEEs) with organic materials is of importance in 
several areas of research and applications. These include modification of properties of 
Self-Assembled Monolayers, beam-assisted synthesis of carbon-based (nano)materials, 
e-beam and UV lithography, as well as damage to organic and biological samples by
secondary electrons generated as a result of interaction with ionizing radiation. Here, we
use Low-Energy Electron Microscopy (LEEM) to study the interaction of LEEs with
crystalline layers of pentacene. The layers, 2-4 monolayers in thickness, are grown via
in-situ sublimation on silicon substrates in the ultrahigh vacuum chamber of our LEEM
instrument. It is observed that the diffraction pattern of the pentacene layers fades upon
irradiation with LEEs (Fig.1). Cross-sections for damage are obtained via spot-profile
analysis of diffraction peaks during irradiation. The damage cross-section is found to
increase by more than an order of magnitude for electron energies from 0 eV to 10 eV,
and by another order of magnitude from 10 eV to 40 eV. Below 5 eV, damage is
negligible. Exposure to electrons is found to also result in loss of definition in real-space
images, as well as diminishing of spectroscopic features related to the unoccupied band
structure of the pentacene layers. The dominant electron-molecule interaction
mechanisms at different incident electrons energies and the resulting chemical
transformation of the pentacene layer are discussed.

Fig. 1 Fading of diffraction pattern as a result of irradiation (insets).  Orange points: 
Amplitudes of Lorentzian fits to the spot profile of a diffraction peak as a function of 

dose. The latter is proportional to irradiation time. Solid line: exponential fit to the decay 
of the peak amplitude. 
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Can fluorine improve the performance of tin-based EUV photoresists? 
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Inorganic molecular materials are currently ongoing intense research for their role as EUV 
photoresist[1,2], among these materials tin oxo cages[3] are very promising materials. The tin 
oxo cages present in this work are positively charged clusters of twelve tin atoms bridged by 
oxygens and have one butyl group attached to each tin atom forming a layer at the surface of 
the cluster enhancing its solubility. The bond between the tin atoms and their respective butyl 
group is known to be photolabile[4] when exposed to EUV. Models suggest[5] that this 
dissociation is generating active sites on the tin atoms that are leading to the cross-linking 
between neighboring clusters, further increasing a solubility switch. 

The present work will mainly focus on the effect of the change of counteranion on lithographic 
properties, indeed, tin oxo cages are well known for their anion exchange capabilities.[6] One 
of the challenges of these resists is to further increase their EUV absorption cross-section to 
generate more active sites and increase the photoresist sensitivity. To that end we exchange 
the hydroxide anions typically present on the tin oxo cages with fluorinated counteranions 
having higher EUV absorption cross-section. The spincoating procedure and the resulting film 
morphology will be discussed along with changes upon EUV exposure monitored by X-Ray 
photoelectron spectroscopy on the carbon edge as well as EUV interference lithography 
properties. Results obtained via Scanning Transmission X-Ray microscopy monitoring the 
carbon and fluorine contents upon EUV exposure will also be discussed in this presentation. 

[1] M. E. Krysak et al., Proc. SPIE 9048 (2014) 904805

[2] Z. Wang et al., J. Microelectron. Manuf. 4 (2021) 21040101

[3] B. Cardineau et al., Microelectron. Eng. 127 (2014) 44

[4] J. Haitjema et al., J. Photopolym. Sci. Technol. 31 (2018) 243

[5] W. D. Hinsberg and S. Meyers, Proc. SPIE 10146 (2017) 1014604

[6] C. Eychenne-Baron, F. Ribot and C. Sanchez, J. Organomet Chem. 567 (1998) 137 
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Nanofabrication of Metallic Palladium Deposits by Electron Beam Irradiation 
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The ability to create metallic patterned nanostructures with excellent control of size, shape 
and spatial orientation is fundamental for future electronic and optical devices. Moreover, to 
incorporate these devices in real market applications, the development of simple, rapid, and 
low-cost fabrication processes of patterned nanostructures is a challenging issue. Focusing 
on the electrical properties, metallic nanopatterns of Pd could play a relevant role in micro and 
nanoelectronics. In this work, a direct-write method is used to fabricate palladium nano-
deposits (PdNDs) that present very low resistivities without the need of applying high 
temperature post-treatments, as is described for previous results in direct nanopatterning of 
Pd [1-3]. This fabrication process is shown in Fig. 1 and consists on the electron irradiation of 
a palladium acetate spin-coated film, which produces solubility changes in different organic 
solvents that are useful to remove the unexposed regions. The use of different electron doses 
was investigated and PdNDs were characterised by numerous techniques, as profilometry to 
measure the thicknesses, the four-probe technique to obtain intensity-versus-voltage curves, 
Energy-Dispersive X-ray Spectroscopy (EDS) to study the atomic composition, X-ray 
Photoelectron Spectroscopy (XPS) to analyse the oxidation state of the palladium and 
Transmission Electron Microscopy (TEM) to measure the grain size of the Pd nanocrystals. 
The optimization of different electron beam parameters (5 kV of energy, 400 pA of current and 
1 µs of dwell time) and the use of high electron doses up to 30000 µΩ·cm allow the one-step 
nanofabrication of Pd deposits with the lowest resistivity reported to date for PdNDs, namely 
145 μΩ·cm, which is only one order of magnitude higher than metallic palladium. This result 
paves the way for the development of simplified lithography processes of nanostructured 
deposits avoiding subsequent post-treatment steps. 

Figure 1: Scheme illustrating the process for the fabrication of PdNDs at room temperature 

[1] T. Bhuvana, G. U. Kulkarni, ACS Nano 2 (2008) 457.

[2] M. T. Reetz, M. Winter, G. Dumpich, J. Lohau, S. Friedrichowski, J. Am. Chem. Soc.  119
(1997) 4539.

[3] Stark, T. J.; Mayer, T. M.; Griffis, D. P.; Russell, P. E. J. Vac. Sci. Technol. B Microelectron.
Nanom. Struct. 9 (1991) 3475
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Low energy electrons play an increasingly important role in many modern applications. A prominent 

example is the secondary electron microscope where SEs are utilized to visualise nanostructured 

materials. More generally, for the analysis of surfaces low energy electrons are of increasing 

importance, as exemplified in a most impressive way by recent developments in the field of Low 

Energy Electron Microscopy (LEEM).

Figure 1. Measured interband transitions associated with the plasmon plotted on the pertinent

band structure along the ΓA- and ΓK-direction. The coloured arrows indicate the initial  and final

states corresponding to the interband transitions associated with the plasmon.

In  the  present  work  two-particle  spectroscopy  with  correlated  electron  pairs  is  used  to

establish the causal link between the secondary electron spectrum, the plasmon peak  and the

unoccupied  band  structure  of  highly  oriented  pyrolytic  graphite  [1].  The  plasmon   spectrum  is

resolved with respect to the involved interband transitions and clearly exhibits  final state effects,  in

particular due to the energy gap between the interlayer resonances along the  A-direction.  The

corresponding  final  state  effects  can  also  be  identified  in  the  secondary  electron  spectrum.

Interpretation of the results is performed on the basis of density functional theory and tight binding

calculations.  Excitation  of  the  plasmon  perturbs  the  symmetry  of  the  system  and  leads  to

hybridisation of the interlayer resonances with atom-like  * bands along the  A-direction. These

hybrid states have a high density of states as well as sufficient mobility along the graphite c-axis

leading to the sharp ~3eV resonance in the spectrum of emitted secondary electrons. These results

provide the explanation of the mechanism responsible for this feature (commonly denoted as 'X-

peak')  which has been reported throughout the literature for the past 50 years. 

References [1] W.S.M. Werner, V. Astasauskas,P. Ziegler, A. Bellissimo, G. Stefani, L. and F. Libisch, 

Phys. Rev. Lett. 125, 196603 (2020)
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Gold nanostructures are attracting attentions due to their novel optical, electronic, and 
biocompatible properties which make them the material of choice in catalysis, therapeutics, 
diagnostics, sensing, and nanoelectronics. There are different fabrication techniques for 
building these kinds of structures such as photolithography, metal layer deposition, etc. 
However, these techniques are restricted by pre and/or post treatments, multi steps nature, 
and the need of photoresist materials. Focused Electron Beam Induced Deposition (FEBID) 
is a new single-step, direct-write nanofabrication technique which is capable of writing 3D 
nanostructures on different substrates. In this technique, a focused high-energy electron beam 
is applied to a substrate under continuous feed of gaseous, molecular precursors that typically 
constitute organometallic compounds. These compounds decompose through electron 
molecule interaction leaving a non-volatile deposit while volatile fragments are pumped away. 
However, remaining challenges in this technique are low metal purity and broadening effects 
of the deposit which stem from incomplete precursor decomposition and co-deposition of 
background gas. These effects are largely attributed to the interaction of the precursor 
molecules with backscattered and low energy secondary electrons, which are unavoidably 
generated when high-energy irradiation impinges on surfaces [1, 2]. The most famous FEBID 
precursors for deposition of gold nanostructures are Au(acac)Me2 and ClAuCO. The 
Au(acac)Me2 precursor has acceptable volatility and stability at room temperature, however it 
suffers from low deposit purity. In contrast, the ClAuCO precursor shows high deposit purity, 
but it is unstable at room temperature and so it is difficult to handle [3, 4].  

Here we present preliminary results of the surface science and gas phase studies on 
decomposition of novel gold complexes, provided by our collaborators at University of Florida 
and University of Erlangen-Nuremberg. Specifically, we focus on the decomposition of the 
precursor through dissociative ionization and dissociative electron attachment in the electron 
incident energy range 0-50 eV. 

[1] I. Utke, P. Hoffman, et al. J. Vac. Sci. Technol. 26, (2008) 1197-1276.

[2] J.A. Spencer, S.G. Rosenberg, et al. Appl. Phys. A. 117, (2014) 1631–1644.

[3] J.J.L. Mulders, J.M. Veerhoek, et al. J. Phys. D: Appl. Phys. 45, (2012) 475301.

[4] R.M. Thorman, R.K. T. P., et al. Beilstein J. Nanotechnol. 6, (2015) 1904–1926.
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Photoresist is one of the most important components of EUVL and in the current study we are 
going to establish the gas phase branching ratios and cross sections for low energy electron 
induced fragmentation for monomer units in EUVL resist materials. One of the fluorine-
containing monomers is 2-(Trifluoromethyl)acrylic acid (TFMAA) which has been studied in 
the gas phase and surface to see the reactions of the molecule with low energy electrons 
through sublimation into high vacuum where they are exposed to low energy electrons and 
the influence of incident electron energy on fragmentation is investigated by means of mass 
spectroscopy.  
The induced chemistry is probed by electron stimulated desorption (ESD), measuring the 
neutral fragments released in gas phase during irradiation of the molecular film. Thermally 
programmed desorption (TPD) of the irradiated films is recorded for the detection of fragments 
trapped in the layer matrix. The combination of these techniques provides a better 
understanding of electron-molecule interactions which can help us to study and develop the 
resist materials by controlling the chemistry, changing the solubility and moving from acid 
driven chemistry to electron induced chemistry 

[1] E. H. Bjarnason et al, The European Physical Journal D 68, (2014) 121.

[2] Li Li et al, The Royal Society of Chemistry 46, (2017) 4855-4866.

[3] V. S. V. Satyanarayana et al, Proc. of SPIE, (2016) 9048 90481.

[4] D. De Simone et al, Adv. Opt. Technology, (2017) 1-10.

[5] I. Aratani et al, Proc. of SPIE, (2009) 72-73.

[6] L. Sala et al, Beilstein J. Nanotechnology 9, (2018) 57–65.
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Understanding and directing the reaction pathways of molecules with low-energetic electrons 
is important for a wide variety of technological applications such as lithography and 
nanofabrication. For these low-energy electrons (<50eV), there can be many different 
degradation and/or dissociation pathways involved on a molecular level. [1] Disentangling the 
different contributions can be challenging. Typically, one evaluates the reaction end products, 
leaving transient dynamics obscured. [2,3] Here, we present a novel approach to study these 
transient dynamics by using in-situ fluorescence microscopy in a SEM in conjunction with a 
negative stage bias. [4] Thin layers of organic fluorescent molecules deposited on a 10nm 
thick ALD deposited Al2O3 layer are monitored before, during, and after low-energy electron 
irradiation to report on the evolution of the induced dynamics (Fig. 1A). 

We expose perylene diimide fluorescent molecules to fixed, low doses of electrons with 
landing energies ranging from 0 to 40eV while monitoring the fluorescence. Our results show 
an electron-energy dependent decrease in fluorescence during irradiation (Idrop), followed by 
a fractional recovery in fluorescence (Irecovery) occurring over several seconds (see Fig. 1B). 
The energy-dependence in the fluorescence dynamics shows different regimes, that can be 
attributed to ionization and electron attachment events. Close to 0eV landing energies the 
reversible component dominates. This suggests that transient anions formed by electron 
attachment is the responsible process. By using different fluorescent molecules, we show how 
these transients states can be reversed instantaneously with 405nm excitation, or switched 
on with electron irradiation. With this fluorescence toolbox emerging, further insights in 
studying and directing energetic electron-molecule interactions could be achieved.  

Figure 1 (A) Fluorescence of organic fluorescent molecules deposited on a 10nm thick Al2O3 layer are monitored 
before, during and after electron irradiation with a fluorescence microscope integrated in a SEM. Application of a 
stage bias allows irradiation at different electron landing energies. (B) The monitored fluorescence intensity of the 
exposed area can be quantified by an initial decrease in fluorescence (Idrop) followed by a partial recovery (Irecovery). 

[1] W.F. Van Dorp, Frontiers of Nanoscience 11, 115-133 (2016)
[2] C. R. Arumainayagam, Surface Science Reports 65.1, 1-44 (2010).
[3] A. Thete, Extreme Ultraviolet (EUV) Lithography VI 9422 (2015)
[4] Y. Vos, Microscopy and Microanalysis 27.1 (2021) 

272727



Charge Stabilization in Butadiene Clusters 

Jaroslav Kočišek 1, Michal Fárník1, Juraj Fedor1, Alicja Domaracka2, Suvasthika Indrajith2, 
Patrick Rousseau2, Jakub Med3, Štěpán Sršeň3, Petr Slavíček3 

1 Department of Dynamics of Molecules and Clusters, J. Heyrovský Institute of Physical 

Chemistry of the CAS, v. v. i., Dolejškova 2155/3, 182 23, Prague 8, CZ 

2 Normandie Univ., ENSICAEN, UNICAEN, CEA, CNRS, CIMAP, 14000 Caen, FR 

3 Department of Physical Chemistry, University of Chemistry and Technology, Technická 5, 

16628 Prague 6, CZ 

e-mail: kocisek@jh-inst.cas.cz 

The study combining theory and experiment investigates electron stabilization in 
butadiene clusters, which are nanoscale models of electrets. The results may be used to 
identify important characteristics of nano-electrets for applications in energy harvesting and 
storage. 

Using negative ion mass spectrometry of butadiene clusters, we demonstrate that 
isolated butadiene and its small clusters do not form stable anions. Stabilization occurs only 
for larger clusters having threshold size behavior. Classical interpretation of such threshold 
behavior is based on the dielectric sphere model [1] and requires several tenths of molecules 
per cluster to accommodate the charge. However, in the present case of butadiene, (C4H6)n

- 
anions with size n>8 are detected. Only quantum mechanical MD simulations are able to 
interpret such low threshold. Upon attachment, the charge is not in a virtual state of the 
dielectric sphere but well localized on a single butadiene unit. The stabilization occurs via 
strong intra and intermolcular vibational energy redistribution. The interpretation is further 
supported by detailed electron energy loss spectroscopy of butadiene [2].  

Acknowledgment: This work was supported by the CZECH SCIENCE FOUNDATION grant 
no. 19-01159S, 18-16577S and 17-04844S. 

[1] P. R. Antoniewicz, G. T. Bennett and J.C. Thompson J. Chem. Phys. 77 (1982) 4573

[2] J. Med et al. J. Phys. Chem.  Letters 11 (2020) 2482
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In last 10 years, ice lithography (IL), that applies electron-solid interaction principles has 
emerged as micro- and nanoscale 3D fabrication methods [1]–[4]. The IL process 
composes of condensing negative tone organic ice resist layers and pattering them using 
focused e-beam. Larger molecular networks are formed due to e-beam cross-linking. 
The sublimation step removes excess materials. Wide range of different substrates can 
be used in the IL process. IL throughput critically depends on sample cryogenic cooling 
and heating to room temperature. 

Herein, we are reporting the design and 
development of a new IL cryogenic 
stage compatible with smaller and 
modern SEM, like, the FlexSEM1000 
from Hitachi. The design consists of 
external liquid nitrogen (LN2) tank 
mounted on the SEM vacuum chamber 
using a custom flange. The cryo-stage 
includes a cooling block housing 
channels for LN2 flow, a sample holder, 
a cold-finger to trap vacuum 
contaminants, and a faraday cup for e-
beam current measurement. The 
sample holder and the cold-finger are 
connected mechanically to the cooling 
block. To block heat transfer to the 
SEM stage, the cryo-stage is fixed to 
the baseplate using four thermally insulating polyether ether ketone (PEEK) polymer 
pillars. The Faraday cup is electrically and thermally insulated and fixed on the baseplate. 
Fig. 1 shows photographs of the cryogenic system along with the cryo-stage. Leak test 
confirmed vacuum tight sealing of the welded and soldered sections. The thermocouples 
and the heater are connected to the stage and controlled via PID temperature controllers. 
The cooling and heating performances of the stage, cold-finger and baseplate were 
examined. The stage and the cooled finger cooled to 78.8 K and 81.4 K, whereas the 
temperature of the baseplate remains at 280.7 K after 20 minutes. In less than 15 
minutes, the cryo-stage was heated back to room temperature by blowing compressed 
air. 

[1] Y. Hong et al., Nano Letters, 18(8), 5036–5041, 2018.
[2] D. Zhao, et al., Science Bulletin, 64(12), 865–871, 2019.
[3] W. Tiddi, et al., Microelectronic Engineering, 192, 38–43, 2018.
[4] W. Tiddi, et al., Nano Letters, 17(12), 7886–7891, 2017.

Fig. 1. Photograph of the developed (a) full 
cryogenic system and (b) cryo-stage. Scale: 
the outer diameter of the cold finger is 55 mm. 
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Three Dimensional Ice lithography (3DIL) is a novel nanofabrication method that utilizes 
electron beam (e-beam) to pattern ice thin-film that is condensed onto the cold sample 
surface [1] (Fig. 1A). Proof-of-concept 3D structures were made by performing a 
repetition of “condense and expose” sequences using organic precursors [2].  The final 
sublimation step removes the un-reacted ice, leaving a room temperature stable cross-
linked 3D structure. 

To deposit uniform and consistent ice layers, we designed a programmable gas injection 
system (GIS) (Fig. 1B) that is based on the atomic layer deposition (ALD) system. This 
GIS design utilizes a continuous stream of carrier gas, which transports a controlled 
amount of precursor pulse into the SEM and over the cold sample. Each pulse is set to 
produce a consistent pressure drop in the precursor cell, which corresponds to a specific 
thickness of the deposited ice film [3]. We assembled a single precursor GIS based on 
the design. Labview and NI DAQ were used to automatically control all valves and the 
MFC. This way, the GIS can be programmed for consistent layer thickness during 
repeated injection for 3DIL. Using Tungsten Hexacarbonyl precursor, we managed to 
build simple 3D structure using the programmed sequence (Fig. 1C). 

[1] A. Han, et al., “Ice lithography for nanodevices,” Nano Letters. 10 (2010) 5056–5059.
[2] W. Tiddi, et al., “Organic Ice Resists,” Nano Letters. 17 (2017) 7886-7891.
[3] W. Tiddi, et al., “Organic ice resists for 3D electron-beam processing: Instrumentation
and operation,” Microelectron. Eng. 192 (2018) 38-43.

Figure 1. 3D Ice lithography process (A) [2]. The assembled single material 
programmable GIS module (B). A 3-layered structure made of W(CO)6 precursor as 
seen under AFM (C). 
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Although extreme ultraviolet lithography (EUVL) has been introduced in high volume 
manufacturing in 2019, the chemistry of EUV resists upon exposure is only rudimentarily 
understood. Inexpensive and easy-to-access sources for EUV light are needed to investigate 
those fundamentals and to emulate in a lab the next generation of EUV tools, which will enable 
to reduce the critical dimension of print patterns below the 10 nm threshold. 

At imec’s AttoLab a new lab infrastructure was constructed around a table-top EUV source 
relying on a high-power femtosecond laser system and high harmonic generation. This yields 
access to spatially and temporally coherent EUV light in a laboratory. An additional benefit 
compared to EUV scanners and synchrotrons is the ultrashort pulse duration of the EUV 
radiation, which enable to study ultrafast dynamics in matter on a sub-picosecond timescale. 

While the lab’s current emphasis lies on emulating high-numerical aperture lithography using 
different schemes of interference lithography [1], an important motivation for this lab is to 
characterize photoresists and study photoresist chemistry on a fundamental level with 
unprecedented temporal resolution. An experiment for measuring the static and dynamic 
absorption of EUV photoresists [2-4] is currently being commissioned and will yield Dill 
parameters [5], which are important data for lithography patterning simulations. Compared to 
deep UV lithography, the higher energy of EUV radiation means that the chemistry in EUVL is 
initiated by photoionization of the exposed material leading to energetic photoelectrons that 
can go on to generate subsequent ionization events yielding less energetic secondary 
electrons or lose energy through scattering. These processes happen on an ultrafast timescale 
of only few hundreds of femtoseconds but impacts dramatically the reactions in photoresist 
materials. Our objective is to obtain fundamental insights of the chemical dynamics on this 
time scale via an ultrafast EUV-pump/mid-IR-probe experiment on photoresist model systems 
as well as full photoresist compounds and compare them to advanced theoretical simulations. 
Furthermore, a photoemission electron microscope (PEEM) set up is available to provide 
access to spatially resolved information of the EUV exposure. 

The gained insights from this new lab will lay the ground for the development of the next 
generation of EUV photoresists, which will fulfill the demands for resolution, sensitivity, and 
roughness for more powerful chips.  

[1] K. Dorney, et al., Proc. SPIE. 11610 Novel Patterning Technologies (2021) 1161011.
[2] R. Fallica et al., J. Micro/Nanolith MEMS MOEMS 15 (2016) 033506.
[3] R. Fallica et al., J. Micro/Nanolith MEMS MOEMS 17 (2018) 023505.
[4] A. Shehzad et al., J. Photopolym. Sci. Tec. 32 (2019) 57-66.
[5] F. H. Dill et al., IEEE Transactions on Electron Devices 22 (1975) 445.
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Focused electron-beam induced deposition (FEBID) and focused ion-beam induced 
deposition (FIBID) are powerful direct-write lithographic techniques for fabricating well-
defined, three-dimensional nanostructures by decomposing organometallic precursors onto 
substrates in a low-pressure environment. For many applications, it is important to minimize 
contamination of these nanostructures by impurities from incomplete ligand dissociation and 
desorption.  We use ultra high vacuum (UHV) surface science studies to obtain mechanistic 
information on electron- and ion-induced processes in organometallic precursor candidates 
[1, 2].  The results are used for the mechanism-based design of custom precursors for 
FEBID and FIBID [3]. Studies on electron-induced reactions of metal complexes have 
identified CO and halides as privileged ligands that are likely to cleanly dissociate under 
FEBID and FIBID conditions. 

Differences in the results from FEBID and FIBID will be presented using Ru(CO)4I2 as an 
example.  Electron irradiation of Ru(CO)4I2 yields RuI2, while ion-induced fragmentation of 
the same precursor affords pure Ru (Fig. 1).  These results suggest that for precursors that 
undergo incomplete ligand desorption during FEBID, a switch to FIBID could lead to high 
metal content deposits from the same precursor due to the balance between ion-induced 
deposition and preferential sputtering of impurity atoms during FIBID. 

[1] R.M. Thorman, S.J. Matsuda, L. McElwee-White, D.H. Fairbrother, J. Phys. Chem. Lett.
11 (2020) 2006

[2] E. Bilgilisoy, R.M. Thorman, J.-C. Yu, T.B. Dunn, H. Marbach, L. McElwee-White, D.H.
Fairbrother, J. Phys. Chem. C 124 (2020) 24795

[3] J.-C. Yu, M.K. Abdel-Rahman, D.H. Fairbrother, L. McElwee-White, ACS Appl. Mater.
Interfaces, 13 (2021) 48333

Fig. 1: Comparison of the electron and ion-stimulated surface reactions underlying (a) 
FEBID and (b) FIBID from Ru(CO)4I2, respectively.   
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