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Preface

A brand-new institute, founded in 2014, the Advanced Research 
Center for Nanolithography (ARCNL) is now in the final stage of 
its rapid evolution.

Running with our first generation of PhD students and 
postdocs, all of ARCNL’s research projects reflect relatively 
recent strategic choices. A defining and highly interesting 
aspect of ARCNL is the intimate relation between our 
fundamental research program and the interests of the 
company ASML, one of the four stakeholders in ARCNL and the 
primary initiator of our center. In this Strategic Plan, we 
describe the mechanism by which this relation provides a 
continuous drive for renewal and adjustment of our 
fundamental research portfolio. Even in these early stages, this 
drive has already had a noticeable effect on our research 
program and it plays a significant role in our longer-term plans.
The entire staff of ARCNL has contributed to this document. We 
gratefully acknowledge highly useful feedback from our 
network, including ASML, AMOLF, the University of Amsterdam, 
the Vrije Universiteit Amsterdam, the Governing Board of 
ARCNL, the Executive Board of the former Foundation for 
Fundamental Research on Matter (FOM), the Executive Board of 
the Netherlands Organisation for Scientific Research (NWO) 
and the staff of NWO-I, the new institute division of NWO.
It gives me great pride that, in just a few years’ time, ARCNL has 
already developed so far that we can present its Strategic Plan 
for 2017-2022.

Joost Frenken
Director
Amsterdam, June 2017
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chemical changes in the photoresist layer. By investigating 
them in detail, we plan to unravel their working principles  
and use this knowledge to synthesize new classes of model 
photoresists.

Many connections exist between the research in these thematic 
clusters. All clusters will benefit from the development of a 
powerful, coherent light source in the EUV regime, based on 
high-harmonic generation. This will not only establish a high-
profile research activity in itself, but we intend to set up this 
novel HHG-source as an EUV-light facility for all of ARCNL.

About this document

This Strategic Plan is organized as follows. We begin by 
devoting ample attention to our special mission, identifying 
scientific challenges that are inspired by state-of-the-art 
lithography technology. We also address how the center came 
about. These elements serve as the background for the main 
part of the plan, which is an overview of the current plus future 
research program of ARCNL, organized along thematic lines 
that are derived from the challenges facing EUV-lithography 
technology. With NWO, two universities and one company as 
stakeholders, ARCNL’s governance is not standard, which is why 
we also describe the mechanisms that we have put into place in 
order to manage this complexity. The document is completed 
with appendices describing the full line-up of our research 
groups and our long-term housing plans.

Executive summary

The Advanced Research Center for Nanolithography (ARCNL)  
is a public-private partnership between the Netherlands 
Organisation for Scientific Research (NWO), the University of 
Amsterdam (UvA), the Vrije Universiteit Amsterdam (VU) and 
the semiconductor equipment manufacturer ASML.

Our mission can be summarized as follows: 

  ARCNL performs fundamental research, focusing on the 
physics and chemistry involved in current and future key 
technologies in nanolithography, primarily for the semi- 
conductor industry. While the academic setting and research 
style are aiming for scientific excellence, the subjects in 
ARCNL’s research program are intimately connected with  
the interests of ASML.

ARCNL started officially on 1 January 2014. It has been founded 
in response to the need of ASML for basic research with a long-
term (> 5 years) application perspective and a potential for 
generating breakthrough solutions in the generation and use  
of extreme ultraviolet (EUV) light1 for lithography2. ASML is  
the global market leader in the field of lithography tools for  
the semiconductor industry. By carrying out exploratory 
research, with a focus on scientific excellence and a keen eye  
on application potential, ARCNL aims for novel insights and 
original solutions that will prove of great benefit to lithography 
in general and to ASML in particular. This unique combination 
of academic-style, fundamental research with a well-defined, 
joint area of application forms ARCNL’s unique strength. With 
the entire research center having this character, ARCNL is well-
positioned to rapidly acquire a leading role in its field. 

During a short, initial phase, ARCNL operated formally as a 
department of FOM Institute AMOLF (now AMOLF), after which 
it became an independent research center in 2015. ARCNL is 
now growing toward a total size of approximately one hundred 
scientists and support staff. ARCNL is managed by NWO and is 
located at the Amsterdam Science Park.

Within ARCNL’s research program, four thematic clusters reflect 
the direct alignment with the Research and the Development  
& Engineering departments at ASML:

Source. In a coherent effort of approximately one third of our 
researchers, we investigate the key elements in the processes 

1	 Extreme	ultraviolet	light	refers	to	light	with	wavelengths	in	the	range	of	10	to	124	nm.
2	 Lithography	is	the	‘photographic’	technique	that	is	used	in	the	semiconductor	industry	to	define	the	microscopic	structures	that		
	 make	up	integrated	electronic	devices	such	as	the	network	of	transistors	in	a	processor	chip.
3	 Wafers	are	the	thin	semiconductor	discs	that	are	used	as	the	base	material	for	the	production	of	integrated	circuits.	Typically,		
	 they	are	single	crystals	of	silicon	with	a	diameter	of	30	cm.

by which EUV light is generated, in particular via Laser-Produced 
Plasmas (LPP). This includes detailed studies of the spatial  
and temporal shaping of intense infrared laser pulses, the 
coupling of infrared laser light into tin and other materials, the 
deformation and propulsion of tin droplets under the influence 
of pulsed laser heating, the time-dependent composition of  
the plasma that is formed under these conditions, and the 
emission of EUV light from this plasma, as well as tin clusters, 
ions and radicals, and the chemistry that they induce in their 
environment. In the next five years, we aim for a far-reaching 
understanding of all relevant phenomena that play a role in 
this complex combination of processes and lay the foundation 
for full control over it. With this body of knowledge, we will 
contribute to the development of ever more powerful and 
reliable sources of EUV light, the pivotal element in state-of-
the-art nanolithography technology.

Metrology. Employing advanced coherent light scattering and 
laser-induced acoustic techniques, we explore fundamentally 
new ways to image surfaces or buried interfaces with nano- 
meter precision. With these new techniques, we plan to 
contribute to the development of a novel class of fast and 
accurate metrology tools that are highly necessary for inspecting 
the alignment between functional layers in semiconductor 
devices and for hunting defects in these structures with 
unparalleled nanometer-scale spatial resolution.

Scanner. The scanner-related research challenges that we take 
on at ARCNL, all deal with the properties of surfaces, interfaces 
and thin films. These find application in the advanced, reflective 
optics that are required for the EUV light, in protective coatings 
and thin membranes that are used to mitigate the 
consequences of degradation, contamination and debris, and in 
the contact and frictional dynamics that need to be controlled 
at ever more accurate scales both for the semiconductor 
wafers3 that are processed and for the masks (reticles) that 
define the patterns with which the wafers are illuminated.  
We plan to increase ARCNL’s effort in this area by starting up  
an extra tenure-track group, devoted to tribology (contact 
dynamics, friction, wear and lubrication).

Processes. We investigate the physics and chemistry of materials 
that are exposed to EUV photons. Of particular interest is the 
resulting emission of electrons, which takes place at a multi- 
tude of locations in EUV lithography instruments, such as the 
surfaces surrounding the EUV source, all reflective optics, the 
mask and the photoresist layer on the semiconductor wafer. 
Not only do these electrons provide an intimate look into the 
electronic structure of all these materials, they can also play an 
active role in the EUV-induced evolution of these materials.  
The prime example of this is formed by the electron-mediated 
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The first line-up of scientific group leaders was installed in the 
course of 2014 and consisted largely of initiators of the “ARCNL-
bidbook”. By the end of the first year, the PiMu-building of 
Nikhef, directly next door to AMOLF, was restructured to serve 
as the temporary laboratory building and a separate, temporary 
office building was erected. As the first pieces of scientific 
equipment were installed, also the first PhD students, postdocs, 
technicians and other support staff started their work at 
ARCNL. In 2015 and 2016, ARCNL came largely up to steam. 
Over this period, we recruited most of our personnel, including 
several junior group leaders on tenure-track positions. Also, 
during these first years, most of the scientific instrumentation 
was installed and became operational. On 1 September 2015, 
ARCNL became formally independent of AMOLF and since then 
it has been an independent research center, initially run within 
FOM under the auspices of NWO and since 1 January 2017 
within NWO-I, the new institute division of NWO. By the end of 
2016, ARCNL had 76 employees, adding up to a total of 68.3 fte, 
and is continuing to grow towards the envisioned target staff 
size of 100 fte.

Even though ARCNL has a rather short history, scientific results 
have already begun to emerge. Each of the senior staff 
scientists has a significant track record in a research field that  
is relevant to nanolithography. Examples are advanced laser 
technology, high-harmonic generation, lensless imaging,  
THz spectroscopy, light-surface interaction, plasma physics, 
precision spectroscopy, ion- and atom-surface collisions, 
velocity and mass spectrometry, surface and interface physics, 
fluorescence spectroscopy and synthetic chemistry. Each of 
ARCNL’s team members is an internationally established expert 
in his/her own field, resulting in a steady stream of invitations 
to provide (keynote) lectures at (inter)national conferences and 
workshops, as well as scientific awards and prestigious 
personal grants. By joining ARCNL, they have all embraced new 
research subjects that are relevant to nanolithography, while 
still being rooted firmly in their primary scientific expertise.  

It is the philosophy of ARCNL that rapid developments in nano- 
lithography require such fresh input from other research areas.

Scientific challenges

The grandiose technological challenges involved in the effort  
to generate kilowatts of EUV light, currently in a narrow 
bandwidth around 13.5 nm and in the future at even shorter 
wavelengths, are intimately linked to unexplored and 
unanswered questions in fundamental physics and chemistry. 
Next generations of lithography tools, and, hence, of more 
compact and powerful microelectronics, can no longer be 
realized by relying on ever more extreme forms of ‘traditional’ 
engineering. Instead, they require fundamental breakthroughs. 
With its focus on fundamental science, ARCNL is therefore in a 
key position to make a difference. A significant part of ARCNL’s 
current research track is devoted to the spectacular phenomena 
that are involved in ASML’s EUV lithography machines (Figure 1). 
In these machines, the EUV light is emitted by a plasma of tin 
that is generated by the irradiation of a high-frequency 
sequence of small tin droplets by a synchronized sequence of 
intense infrared laser pulses. Using a combination of reflective 
optical elements (one of which is the mask or reticle), each 
element being decorated by a refined nanoscale multilayer 
coating, the light is focused and shaped to illuminate the 
photoresist layer on the semiconductor wafer with extreme 
resolution. Even after some two decades of concentrated  
R&D effort invested in this technology, the amount of EUV  
light that presently reaches the wafer leaves much room for 
improvement. In order to manage the enormous flux of 
fragmented and vaporized tin without absorbing too much of 
the light, the entire process is run in a vacuum system with 
tailored (low) pressures and flows of hydrogen gas. In spite of 
this protective measure, the attack of all the vulnerable 
surfaces by ions, radicals, atoms, and clusters, in combination 
with significant heat loads and intense EUV exposure, poses 
serious challenges to the lifetime of the essential components. 

Mission and context Start and mission of ARCNL

With its recent step from light with wavelengths in the (deep) 
ultraviolet (UV, 193 nm) to the regime of the extreme 
ultraviolet (EUV, 13.5 nm and below), the field of advanced 
lithography for the semiconductor industry has been forced to 
develop radically novel technologies. The working principle of 
the latest EUV lithography instrumentation is based on a 
spectacular new combination of phenomena, involving such 
diverse subjects as laser physics, atomic and plasma physics, 
fluid dynamics, surface physics, and EUV optics. The point has 
been reached that significant progress in this new technology 
can no longer be maintained solely on the basis of further 
engineering. Instead, serious advances are required in 
fundamental knowledge in each of these areas of research. 
Generating precisely this basis of fundamental knowledge 
forms the key objective of our newly founded Advanced 
Research Center for Nanolithography (ARCNL).

ARCNL is a public-private partnership between the Netherlands 
Organisation for Scientific Research (NWO), the University of 
Amsterdam (UvA), the Vrije Universiteit Amsterdam (VU) and 
the semiconductor equipment manufacturer ASML. ARCNL 
focuses on the fundamental physics and chemistry involved in 
current and future key technologies in nanolithography, 
primarily for the semiconductor industry. ARCNL’s program is 
intimately connected with the interests of ASML. Two defining 
characteristics make ARCNL unique in the research landscape: 
- By devoting its complete research program to lithography-

related subjects, ARCNL establishes a concentration of 
research in this area that is unique in the world. 

- By focusing on fundamental science, ARCNL distinguishes 
itself from technology-oriented institutes and lays the 
foundation for long-term developments and future 
breakthroughs.

The initiative for ARCNL came from ASML in early 2013, when 
the company invited a total of four consortia to formulate plans 
for a joint research center in the area of nanolithography. After a 
short bidding procedure, ASML selected the bid from 
Amsterdam, in which FOM-Institute AMOLF (now AMOLF) 
joined forces with UvA and VU, with solid support from the 
Foundation for Fundamental Research on Matter (FOM, now 
NWO-I). Organizational and contractual preparations led to a 
flexible and highly effective framework for this new type of 
public-private partnership that we now refer to as “the ARC-
model”. ARCNL started formally on 1 January 2014 as one of the 
departments of AMOLF with a single employee (0.5 fte). In 
addition to base funding from ASML (M€ 2.5/yr), FOM (M€ 1.25/
yr ), UvA (k€ 625/yr ) and VU (k€ 625/yr), the City of Amsterdam 
and the Province of Noord-Holland provided a significant start-
up subsidy (together M€ 5) that helped ARCNL get started 
rapidly. A further contribution of (M€ 1/yr) from FOM and (M€ 
1/yr) from ASML was acquired through a so-called Industrial 
Partnership Program, a dedicated funding instrument of FOM 
for public-private partnerships. UvA, VU, NWO and ASML have 
committed themselves to supporting ARCNL for a minimum 
duration of 10 years, starting January 2014.

Figure	1.	Schematics	of	ASML’s	EUV	lithography	technology.	Left:	the	EUV	light	is	produced	by	a	Laser-Produced	Plasma	(LPP).		
Right:	the	optical	path	is	formed	by	reflecting	elements	that	bring	the	EUV	light	via	the	reticle	(mask)	to	the	photoresist	layer	on	the	
semiconductor	wafer.
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Every aspect of the technologies used in the EUV lithography 
machines represents a different area of physics or chemistry, 
and each area is a breeding ground for essential breakthroughs.

Inspired by EUV lithography technology, a variety of inspiring 
fundamental questions can be formulated, each potentially 
with direct practical consequences. Examples of such questions 
are:
- How does infrared light couple into tin droplets? How do tin 

droplets evolve in shape as a result of a laser pulse? How do 
these processes influence the formation of a plasma from 
these droplets and how does that influence the EUV light 
production? Next, what are the constituents of the tin 
plasma (charge states, excitation states, density distribution, 
mass distribution, velocity distribution) and how can this 
plasma be manipulated to increase the in-band4 EUV 
emission? 

- What atomic-scale interfacial properties determine the 
mechanical contact forces, adhesion and friction between  
a semiconductor wafer and its support, and how do these 
deform the wafer? Can these forces be manipulated, and in 
particular be made switchable?

- What photochemical processes are responsible for the 
chemical changes in the photoresist film upon exposure to 
EUV photons? How do these basic processes determine the 
sensitivity of the photoresist material and the quality of the 
transferred patterns? How can new photoresist concepts 
improve this?

- How can we cast a quick and non-invasive nanoscale look 
into a material in order to inspect the quality of a mask or  
a lithographically defined structure and its alignment to 
deeper-layer structures?

Questions like these serve as sources of inspiration for ARCNL’s 
present and future research portfolio, which is discussed in  
the Research Program chapter. The four bullet points of the list 
above also illustrate the four thematic segments into which 
lithography development can be divided: Source, Scanner, 
Processes, and Metrology, respectively. 

ARCNL’s ambitions

ARCNL has the ambition to be a worldwide leading research 
center with a clear focus on fundamental research in the 
context of nanolithography technology. During the first part of 
the 2017 – 2023 period, we expect ARCNL to pass through its 
final growth stages from its present size (67 fte) to its steady-
state target size (100 fte). During this period, ARCNL should also 
mature to strong steady-state levels of output, both in terms of 
scientific results and in the form of the basic ideas for techno- 
logical innovations. In this process, ARCNL should increasingly 
acquire the role of nationally and internationally recognized 
center of expertise and coordinating organization for scientific 
activities, such as research collaborations, funding applications 

4	 The	expression	“in-band”	refers	to	the	narrow	2%	bandwidth	around	13.5	nm	wavelength		
that	is	transmitted	by	the	optical	system	and	really	used	for	EUV	lithography.

and the organization of conferences, workshops and schools. 
ARCNL aspires to be recognized by its four founding partners  
as so meaningful and successful that it will exist substantially 
longer than the guaranteed ten-year period for which it was 
originally started. At the heart of ARCNL is the ambition to 
serve as a natural and highly efficient, two-way bridge 
between fundamental research and practical applications. 
ARCNL aims at generating and transferring new knowledge not 
only in the form of scientific publications about new discoveries 
but also of patent applications that cover related, technological 
inventions. Next to a breeding ground for knowledge and 
innovation, ARCNL wants to establish itself as a teaching and 
training site for motivated scientists and technicians with an 
inclination towards applicable fundamental science. Finally,  
as the first of its kind, ARCNL is eager to demonstrate how to 
practically implement its dual mission and set an example for 
future “ARC’s” that will connect other fields of science and 
application.
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Organizational structure  
and governance

ARCNL is the first Advanced Research Center (ARC), a new type 
of public-private partnership in the Dutch research landscape. 
The public partners in ARCNL are NWO, UvA and VU. The 
private partner is ASML. ARCNL is part of the new institute 
cluster NWO-I of NWO.

A healthy balance between the public and private components 
of ARCNL is ensured by the Cooperation Agreement (CA) that 
serves as the formal contract between ARCNL’s founding 
partners. The CA dictates equal shares (50:50) between the 
public and private partner groups, both in ARCNL’s main budget 
and in the voting rights in ARCNL’s Governing Board (GB).

The GB keeps a close watch on ARCNL’s course and establishes 
the formal link to the partner organizations. It is presently 
composed of Dr. Hendrik van Vuren (NWO; chair), Prof. Peter 
van Tienderen (UvA and VU) and Dr. Frank Schuurmans (ASML). 
Proposals concerning major issues, such as the recruitment of 
senior staff, are made by the center’s Director to the GB. The GB 
is then responsible for reviewing such proposals, formulating 
advice or arriving at decisions, and coordinating possible 
resulting actions via their representatives towards the partner 
organizations. The governing board further serves as a valuable 
discussion partner and sounding board for the Director in all 
strategic, organizational and operational matters.

ARCNL is headed by a Director, Prof. Joost Frenken, who runs 
the center with the assistance of a Manager of Operations,  
Dr. Marjan Fretz. Monthly meetings of the scientific staff and 
bi-weekly meetings of the Management Team, a more compact 
representation of the scientific staff, are used within ARCNL to 
discuss developments in the scientific program and relevant 
operational matters. 

In addition to local supporting staff such as group technicians 
and secretarial staff, ARCNL has additional supporting staff 
that it shares with AMOLF ‘next door’. Since the start of ARCNL, 
the technical and administrative support divisions of AMOLF 
have been staffed with extra personnel for this purpose. The 
AMOLF support of ARNCL involves the mechanical design office, 
mechanical workshop, electronics department, software and 
ICT support, human resources, financial administration, public 
relations and communication, and full access to and support by 
the AMOLF NanoCenter. This arrangement is formally laid down 
in a Support Agreement between AMOLF and ARCNL.

ARCNL’s strategy and progress are monitored annually by an 
independent Scientific Advisory Committee (SAC) of inter- 
national experts in the relevant research areas. Presently,  
the SAC is chaired by Prof. Marc Vrakking (Max Born Institute, 
Berlin, Germany). The other members are Prof. Ahmed 
Hassanein (Purdue University, Lafayette, USA), Prof. Jom Luiten 
(Eindhoven University of Technology), Prof. Petra Rudolf 
(Groningen University), Dr. An Steegen (IMEC, Belgium),  
Dr. Henri Werij (on the move from TNO to Delft University  
of Technology), Prof. Willem Vos (Twente University) and  
Prof. Andries Meijerink (Utrecht University).

Figure	2.	Organizational	structure	of	ARCNL

Part	of	the	scientific	staff	of	
ARCNL.
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Housing In 2014, ARCNL was able to make a rapid start by arranging 
temporary housing facilities. We were happy that we could rent 
the PiMu building from the neighboring institute Nikhef. After 
a thorough internal reconstruction, this heavy concrete 
structure, built originally as one of the terminal stations for 
electron-beam-based nuclear physics experiments, was ready 
by the end of 2014 to house ARCNL’s experiments. In parallel, 
we erected temporary office facilities next to the lab building, 
which became available towards the end of 2014 as well. At 
present (Spring 2017), ARCNL is bursting at the seams. Due to 
a lack of laboratory space, some of our experiments are 
housed elsewhere, such as at UvA, VU, and AMOLF, while 
Nikhef has been kind enough to free up the last space it 
occupied in the PiMu building for us. It is clear that, in the 
long run, these scattered additions will not suffice and 
that a more coherent solution is called for.

First steps towards long-term housing for ARCNL were 
already taken in 2014. As a result, a new building is 
under construction, right next to AMOLF. Matrix-VII 
will be the seventh building to be set up by the 
company Matrix Innovation Center (Matrix IC), 
which is active on the Amsterdam Science Park 
where it has set up multi-tenant buildings, 
primarily for use by small and medium-sized 
enterprises. Matrix-VII will also be a multi-
tenant building, with ARCNL being its largest 
tenant. As the artist impression shows, 
Matrix-VII will have four stories.  
The lower two will be largely reserved for 
ARCNL. All of ARCNL’s laboratories will  
be on the ground floor. Technically, the 
laboratory space will provide precisely 
what ARCNL needs, not only in terms 
of the number of square meters, but 
also in terms of temperature 
stability, control of the relative 
humidity, suppression of external 
vibrations and supply of power, 
cooling, etcetera. This part of the 
building will be mechanically separated from the rest, while 
additional vibration isolation platforms will be incorporated  
in the floor construction for our most delicate instruments. 
Most of our office space will be located one level higher in the 
building. The construction of Matrix-VII started in May 2017 
and is expected to be ready in July 2018.

Figure	3.	Artist	impression	of	Matrix-VII.	ARCNL	will	be	housed	on	the	lower	two	floors	(credits:	Ector	Hoogstad	Architecten).

Participants	of	the	Workshop	on	EUV	and	Soft	X-Ray	Sources
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Research program  
2017 – 2022

General

ARCNL is set up as an academic research center, similar to but 
smaller than its mother institute AMOLF. Its research program 
is currently carried out by nine research groups and is growing 
to twelve. Each group is headed by one or more senior scientists 
– outstanding experts with an international reputation and a 
professorship at one of the two Amsterdam universities or 
promising junior group leaders on a tenure track. They 
supervise compact teams of PhD students and postdocs, each 
with the technical support of a group technician and of the 
workshop, electronics department and other support staff at 
AMOLF. The open and horizontal structure is ideal for 
collaborations between the groups, which is natural and 
necessary in view of the multidisciplinary challenges and the 
common interest of the ARCNL groups.

A schematic view of the research program of ARCNL is provided 
in Figure 4. In this scheme, each research group is represented 
by a rectangular box. As the first four columns indicate, most of 
the fundamental research of the ARCNL groups is clustered 
around the four application areas that are of central 
importance to ASML’s lithography technology: Source, 
Metrology, Scanner, and Processes. Several groups operate in 
two of these application arenas, as can be seen from the double 
colors, while the four-color group is setting up a facility for all 
four. In addition to this, we have two extra activities that are 
less intimately connected to the four central areas; these are 
grouped in the Extra column. In the following subsections, we 
summarize our research program along the lines of these five 
columns.

Oscar Versolato and Sonia Castellano Ortega are the two  
junior group leaders on a tenure track. The recruitment of three 
other tenure track group leaders is currently under way and  
the plans for their research will be detailed once they have 
started at ARCNL. As the name indicates, the AMOLF-ARCNL 
Group is a joint activity between ARCNL and AMOLF. The EUV 
Photoelectron Spectroscopy Group is also jointly organized and 
hosted by ARCNL and AMOLF, wich is indicated with the light 
blue box that connects it to the AMOLF-ARCNL Group. 

The groups that share the orange color associated with  
Source, have a strong, joint focus on the physics at play in  
the generation of EUV light. In the context of inspection  
and Metrology (yellow color), three groups are developing  
new methods for rapid, contactless, high-resolution imaging  
of surfaces and subsurface regions. The green color for  
Scanner indicates two groups concentrating on the surface 
science in the reflective EUV optics and the contact dynamics 
that is becoming increasingly important between 
semiconductor wafers and their supports. The light blue 
background color is reserved for the subject of Processes,  
in which the groups investigate the physical and chemical 
processes induced by EUV light with an emphasis on the 
working principles of photoresists and the development of  
new classes of such materials. The research projects grouped  

in the fifth column labeled Extra, have a more remote link  
with the four core themes.

The lower box, labelled Integration, indicates that we pay 
explicit attention to the alignment of the activities at ARCNL 
and ASML. This goes beyond the practical aspects of e.g. 
financial details and the handling of patentable ideas, but also 
deeply involves the strategy of ARCNL as a whole and the 
detailed research choices made by individual research groups. 
The mechanisms that we have introduced for this, and the 
coordinating role of Prof. Wim van der Zande, Director of 
Research at ASML, are described later in this report, under 
Strategy and alignment mechanisms.

We proceed here by describing ARCNL’s research program for 
2017 – 2022 in more detail. For reference, Appendix A provides 
further detail in the form of a description of the program per 
research group. 

Figure	4.	ARCNL’s	current	and	future	research	groups,	organized	according	to	the	four	thematic	areas	Source,	Metrology,	Scanner,	and	
Processes	(first	four	columns),	plus	‘extra’	activities	(fifth	column).	New	will	be	the	Contact	Dynamics,	Accelerator-based	EUV	and	HHG	
of	EUV	groups.	The	latter	group	will	develop	an	HHG	(high-harmonic	generation)	facility	for	EUV	light	that	will	be	used	by	all	four	
thematic	areas.	The	Integration	effort	at	the	bottom	is	devoted	to	the	interfacing	and	alignment	between	ARCNL’s	research	and	the	
interests	at	ASML.	
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Theme 1: SOURCE  
Plasma sources of extreme ultraviolet light, and 
beyond

Introduction

One of the key challenges in EUV lithography is the production 
of EUV light in a very narrow bandwidth (2%) around a 
wavelength of 13.5-nanometer. In current, state-of-the-art 
lithography machines, this EUV light is emitted by a tin plasma, 
generated by the irradiation of a sequence of small micrometer-
sized molten tin droplets by powerful infrared laser pulses at a 
high repetition rate. Atomic processes involving highly charged 
tin ions in this plasma are responsible for the emission of EUV 
light. These laser-produced plasmas (LPPs) occupy a unique 
place in the plasma world, with plasma-electron densities 
approaching that of solid matter, at temperatures up to a 
million Kelvin; a place that lies somewhere between the solar 
core and lightning (see Figure 5). Because this plasma is so 
unique, it has not been fully investigated yet, and we thus lack 
adequate understanding at a fundamental level of many of its 
intriguing physical properties. Obtaining this understanding 
will provide the basis for achieving the industrial goal of 
building the best plasma sources for EUV light.

Goal and ambition

The ultimate goal of ARCNL’s Source efforts is to acquire true 
understanding of the EUV-light generating plasma and its 
interactions with the surrounding environment at the most 
fundamental level: the level of electrons, ions, atoms, and 
molecules. This will result in a physics and chemistry toolbox 
from which next generations of EUV sources can be developed.

This certainly is a very ambitious goal given the experimental 
context: high-density plasmas, with electron-ion collisions and 
associated reactions taking place on extremely short time 
scales, and dynamics involving highly charged atomic ions 
bordering on the fully chaotic. Therefore, in order to reach our 
goal, a detailed understanding is required of the working 
mechanisms behind the chain of events that starts with the 
heating of the electrons in metallic tin during the very first 
phase of excitation, and that culminates in the emission of EUV 
radiation by the tin plasma. This can only be achieved if the 
system under study is probed with complementary 
experimental techniques, supported by focused theory and 
modeling efforts. 

In the few years since the founding of ARCNL we have set up a 
large array of plasma diagnostic tools around a tin microdroplet 
generator plasma EUV source and have developed advanced 
laser systems to drive the plasma as well as to sensitively 
influence, optimize, and probe it. They will enable changing the 
current paradigm of using CO2-gas-laser technology to using 
solid-state lasers, with their superior power, reliability, and 
stability. In the coming years, we plan to employ these tools to 
generate further insights in the generation and management of 

high density plasmas. This knowledge will be important for the 
development of future generations of plasma sources of EUV 
light.

Research program

The Source research program comprises a variety of research 
topics. In Appendix A we give a detailed description of the 
contributions made by the individual ARCNL groups to these 
topics. The research plans are summarized below in order of the 
appearance of the topic in the process of the generation of EUV 
light by plasma. The central aim of the research program is to 
provide critical contributions to the understanding and 
development of plasma sources of EUV light.

Light-matter interaction. A complex sequence of events starts 
with the irradiation of a metal surface by a laser pulse. This 
laser pulse eventually creates a plasma state of matter, but the 
precise details of the initial stages of super-heating of 
electrons, electron transport, changing refractive indices, and 
the final creation of plasma, are poorly understood. However,  
it is the rich physics of the first interaction of intense laser  
light with matter that sets the stage for plasma to develop.  
We study the coupling of light with matter at the fundamental 
level using femtosecond pump-probe techniques, and try to 
influence this coupling by spatially modulating the refractive 

index. By creating spatially periodic structures in the metal and 
by forming spatially periodic structures in the plasma with 
additional light fields, we aim to increase the absorption of 
laser light by the plasma. For source metrology related to tin 
debris deposited on surfaces, we will develop a method for 
measuring the thickness and structure of thin tin layers based 
on the measurement of their reflective spectral properties.

Advanced solid-state laser systems. The length of the laser 
pulses impinging on the tin microdroplets is critical for the 
ensuing dynamics. A picosecond-length pulse, for instance, 
produces a shock wave that can be made to explosively 
disintegrate the droplet. This may well prove to be beneficial 
for coupling in a high-energy pulse to produce EUV light.  
A tunable laser system emitting femtosecond-picosecond 
pulses with a wide range of energies will be developed, 
enabling the detailed study of shock wave physics in metallic 
microdroplets. Additionally, we are developing and employ  
a sub-ns-modulation-bandwidth arbitrary-pulse-shape high-
power laser to “drive” the plasma. The ability to sensitively 
match the laser input intensity to the temporally-specific  
needs of the developing plasma will enable us to explore and 
manipulate it during the full lifetime of the plasma. This will 
help us to achieve a full optimization of our EUV-source, for 
which we will use self-learning algorithms. The concepts 
derived from our results will be useful to ASML for under- 
standing and improving their own LPP sources. Both laser 
systems have sufficient intensity and energy to produce  
EUV light in more exotic non-steady-state, i.e., non-local-
thermodynamic-equilibrium (non-LTE) plasmas that have 
additional appeal for high-efficiency EUV production. 
Interestingly, they can also be used to produce beyond-EUV 
light. Here, high intensities are required to reach the plasma 
temperatures necessary to produce the required charge  
states in heavy elements emitting, e.g., 6.7 nm wavelength 
light in order to reach beyond the next node on the 
nanolithography roadmap. 

Plasma Processes. EUV light is emitted by a hot and dense 
plasma, which we seek to understand at the fundamental level 
by probing the physics governing the development of 
temperature, density, charge-state distribution, pressure, 
opacity, and the emission of the EUV light. For this we employ 
advanced spectroscopic tools that cover the optical, deep-
ultraviolet, and extreme ultraviolet domains, including in-
house developed high-harmonics facilities. We will also 
experimentally probe the plasma’s microscopic physics origins, 
such as the quantum-chaotic capture of electrons and the 
single-ion-molecule collision processes. In this way, we will 
produce a complete “picture” of the functioning of the plasma 
source, as well as its influence on its direct environment, and 
enable the mitigation of fast ionic and neutral debris. This 
picture is of fundamental interest as well as of utmost practical 
importance for current and future sources of incoherent,  
short-wavelength radiation. Using modern laser technologies, 
we aim to provide critical contributions to the development  
of plasma sources of EUV light of the highest possible yield, 
reliability, and stability. 

Plasma Modeling. To underpin the experimental investigations 
and improve our fundamental understanding of EUV-emitting 
laser-produced plasmas, we will develop theory and use 
simulation expertise in collaboration with international experts 
in the large-scale simulation of the laser-produced plasmas.  
A particular focus is on departures from local thermodynamic 
equilibrium (LTE) in the various stages of the formation and 
evolution of laser-produced plasma. Such deviations will be 
investigated and quantified, and new algorithms will be 
developed that will enable obtaining the non-equilibrium 
plasma composition while avoiding the excessive 
computational cost of existing non-LTE methods. The results 
will be benchmarked against measurements performed at 
ARCNL. Ultimately, we aim to achieve a predictive physics 
toolkit for the first-time-right development of next-generation 
plasma sources of EUV light and beyond.

Figure	5.	Typical	densities	and	temperatures	of	plasmas.		
With	its	combination	of	high	densities	and	medium	to	high	
temperatures,	the	domain	of	plasma	EUV	sources	is	wedged	
between	the	conditions	of	lightning	and	those	of	the	solar	core.
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Theme 2: METROLOGY  
Seeing and measuring at the nanoscale

Introduction

As nanoscience and technology continue to advance, there  
is a rapidly growing need for structural and functional 
characterization of nanoscale devices, preferably using fast and 
non-invasive methods. An important illustration of such 
advancing technology is Moore’s law5, which describes how 
lithographic structures continue to shrink. The required 
accurate placement of nanoscale features in an integrated 
circuit becomes a truly daunting challenge. At the heart of this 
challenge are metrology tools and techniques, which need to 
be able to image deep sub-wavelength features in a three-
dimensional geometry, “see” through a wide variety of opaque 
materials, provide sub-nanometer positioning information over 
entire wafers - all while maintaining sufficiently high speed to 
allow implementation into production lines. 

Such requirements can only be met by a combination of 
fundamental physics and advanced optical technology.

Goal and ambition

The goal of the Metrology research at ARCNL is to advance the 
understanding of light-matter interactions and optical physics 
at the nanoscale, and to find methods of applying this 
knowledge towards solutions to present-day lithographic 
metrology challenges. In this program, we study and develop a 
wide variety of optical methods, novel light sources and 
imaging concepts, and perform fundamental research into 
light-matter interaction.

These goals are particularly ambitious as the length scales 
involved are far smaller than the wavelength of visible light. 
Even when soft-X-ray radiation is used as a probe, the required 
resolution would be on the order of the wavelength. 
Furthermore, as lithographic structures move towards 
multilayer architectures, methods need to be found that are 
capable of performing 3D metrology inside structures that may 
even be optically opaque. In addition, measurement methods 
should remain non-invasive, in the sense that they should not 
damage the sample or otherwise influence subsequent 
lithographic processing steps (i.e., by being too slow, modifying 
material properties or leading to pre-exposure of a resist layer). 

To handle such grand challenges, we are developing a wide 
array of advanced optical experiments that involve radiation in 
various parts of the electromagnetic spectrum spanning from 
the infrared to the soft-X-ray spectral range. We aim to 
investigate dynamics on timescales down to a few 

5	 Moore’s	Law	refers	to	the	continued	miniaturization	of	
integrated	electronics,	typically	at	a	pace	of	doubling	the	density	
of	components	in	processor	and	memory	chips	every	two	years.

enable transmission through optically opaque layers and 
natural element-selective contrast. Coherent soft-X-ray 
radiation can be produced with table-top systems through 
high-harmonic generation (HHG), leading to ultra-broadband 
spectra reaching wavelengths of 10 nm and below. As efficient 
high-quality optics for such radiation is challenging, we focus 
on lensless imaging methods to retrieve important object 
parameters or even full structural images of lithographic 
structures. These methods will be developed jointly with the 
‘computational imaging’ research activity but optimized 
towards soft-X-ray radiation. We aim to achieve 3D imaging 
with a resolution at the 10-nm level, as well as to perform sub-
nm resolution spatial metrology on periodic structures buried 
inside a lithographic nanostructure. In addition to metrology on 
lithographic structures, methods for real-time metrology on 
the soft-X-ray source itself and the physics of HHG are being 
pursued to pave the way towards next-generation sources for 
lithographic metrology.

Pump-probe sub-surface metrology. An intriguing and far-
reaching question in optical physics is to what extent it is 
possible to use optical radiation to probe structures that are 
buried below an optically opaque material. Such an ability to 
“see through a mirror” would enable a wide range of optical 
metrology and imaging tools for lithography applications and 
materials science. A key step towards tackling this challenge is 
to exploit rapid transient effects that can be induced in almost 
any material by ultrafast (fs-ps duration) laser pulses. Rapid 
non-equilibrium heating of free electrons by an ultrafast laser 
pulse can give rise to phenomena such as acoustic waves, 
ballistic electrons, hot-electron diffusion, local lattice heating, 
etc., which have the potential to penetrate into a material far 
beyond the optical penetration depth. We exploit such 
transiently induced effects to probe structures below the 
opaque layer in which these effects have been generated. 
Going further, we use time-resolved optical methods to detect 
the influence of a buried structure on the evolution of such a 
transient effect. A major part of this activity is devoted to 
understanding the physics and material properties that makes 
such methods possible. At the same time, we focus on 
applications, using these techniques to demonstrate imaging 
and metrology through optically opaque structures.

Coherent EUV and soft-X-ray generation. The invention of the 
laser has led to a staggering range of optical tools and 
techniques for science, technology and society. While X-ray 
science used to be the almost exclusive domain of large-scale 
facilities such as synchrotrons, advancements in laser 
technology are now leading to the advent of compact coherent 
EUV and soft-X-ray sources based on high-harmonic generation 
(HHG). 

We are constructing a novel HHG facility at ARCNL, based on 
the state-of-the-art in ultrafast laser technology involving few-
cycle mid-IR pulses with 1-2 mJ energy at 50 kHz repetition 
rate, which will produce world-record coherent soft-X-ray flux 
(average flux in the mW range). We will set up multiple beam- 
lines optimized for specific outputs such as 13 nm, broadband 

femtoseconds, employ polarization and coherence of radiation 
fields, and exploit nonlinear effects to investigate a large 
variety of physical phenomena. This will allow us to determine 
the electrical and other material properties from non-contact, 
non-destructive measurements. These experimental efforts 
will be combined with developments in the area of 
computational imaging, which can provide major benefits 
when some prior knowledge about a structure is available. In 
this way, we expect to advance optical imaging and metrology 
to the point where it enables production of the next generation 
of lithographic structures, as well as provide new tools for 
physics and nanoscience in general.

Research program

Research into Metrology-related topics is mainly concentrated 
in the EUV Generation and Imaging and EUV Targets groups at 
ARCNL, which are to be joined by the future High-Harmonic 
Generation and EUV Physics (in short, HHG of EUV) group. 

Among the research topics are computational and lensless 
imaging using EUV radiation, methods for sub-surface feature 
detection and metrology, near-field imaging, and coherent 
table-top EUV and soft-X-ray source development. The groups 
collaborate actively on several of these topics, and maintain a 
close connection to industrial partners for optimized 
knowledge transfer towards applications.

Computational imaging. Present-day optical metrology tools 
employ increasingly broadband and short-wavelength radiation 
sources. One limiting factor in the achievable performance is 
the quality of the optical components, which need to fulfill 
extreme requirements. An elegant and highly promising 
alternative approach is ‘lensless imaging’, in which a sharp 
image of an object is retrieved by numerical means rather than 
using actual optical image-forming components such as lenses. 
In lensless imaging, the achievable resolution is no longer 
determined by the quality of optical components (in principle, 
imaging can even be done without any optics) but can be 
improved by the use of advanced numerical methods. More 
generally, such ‘computational imaging’ methods can be used 
to improve the performance of lens-based systems in terms of 
resolution, contrast and sensitivity. 

We are developing novel methods aimed at fast high-resolution 
computational imaging of surfaces, as well as for 3D imaging of 
lithographic multilayer structures. One key question is to what 
extent prior knowledge about the intended object structure 
can be used to obtain deep-sub-wavelength-resolution 
information about specific structural parameters, essentially 
enabling nanometer-resolution metrology through optical 
means.

Soft-X-ray imaging and metrology. The ability to perform high-
resolution imaging and metrology with soft-X-ray radiation 
would provide large advantages for nanoscale metrology and 
materials science. The short wavelengths can directly lead to 
improved spatial resolution, and the high photon energies 

soft-X-ray, and synchronized pump-probe illumination. This 
parallel approach makes the HHG facility suitable for a wide 
array of experiments including nano-imaging and metrology, 
photoresist exposure, time-resolved spectroscopy, EUV photo- 
emission, and more. This will establish a world-class facility 
that will enable us to go far beyond the state-of-the-art, and 
position ARCNL as a leading laboratory for EUV and soft-X-ray 
science.
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Theme 3: SCANNER  
Interfaces ‘in action’

Introduction

Surfaces, interfaces and atomically thin films play an essential 
role in various parts of today’s lithography technology and their 
importance should be expected to grow in the future. Pushing 
their quality and performance to the extreme will require deep, 
fundamental understanding of the atomic-scale processes  
that occur during the formation of these structures and the 
degradation processes that determine their lifetime. Examples 
of crucial surface and interface structures are the multilayer 
mirrors that serve as EUV optics and the contacts between 
silicon wafers and the tables that support them in the 
lithography machines. For a targeted optimization and control 
of these functional interfaces we need to know their 
nanometer and atomic-scale structure and composition. We 
need to understand how such structures are formed and how 
they evolve during operation under the harsh conditions to 
which they are exposed. The research tools that are necessary 
for these investigations necessarily go down to the atomic 
scale. Important for this part of the ARCNL research program  
is a combination of scanning probe techniques that are used 
not only to acquire images of the structures of interest but also 
to dynamically follow their formation and degradation. The 
interpretation of our experiments relies strongly on thermo- 
dynamics, statistical mechanics and kinetic considerations.

Goal and ambition

The goal of Scanner research at ARCNL is to identify and 
understand a wide range of fundamental surface, interface  
and thin-film phenomena related to the materials and the 
special structures that are employed in present and future EUV 
lithography tools. We will push our atomic-scale insights to the 
level where they lead to practical strategies to improve the 
performance and lifetime of these structures.

Research program

Scanner-motivated research at ARCNL is devoted to (1) the 
physics of thin metal films, (2) the growth of graphene and 
other atomically thin layers, and (3) the forces and tribology in 
mechanical nano- and microcontacts. All these find application 
in modern lithography instrumentation. Only through a 
thorough understanding and control of these structures and 
processes will this instrumentation be able to achieve its 
ultimate precision.

Thin films. Nanoscale multilayer structures and special capping 
layers are key in all reflective optics for application in the EUV 
wavelength regime. As EUV light is extremely prone to 
absorption, only a limited number of materials, such as silicon 
and molybdenum, qualify for this task. In order to maximize the 
reflection, the interfaces need to be atomically sharp and flat.
We combine live scanning tunneling microscopy during 

deposition of e.g. molybdenum on silicon and vice versa, to 
identify the primary, atomic-scale causes for interface mixing 
and roughening. We follow the primary events that take place 
on arrival of individual atoms, such as compound formation 
and transient diffusion that can both be boosted enormously 
by the released adhesion energy. A ‘silent’ driving force for 
further evolution can be the surface and interface stress inside 
and between the thin films that can reach levels high enough 
to cause damage. We will also measure this during the thin film 
deposition. The lessons learned will help us develop alternative 
structures and deposition strategies to reduce or avoid these 
phenomena.

Under operation, the multilayer coatings are under continual 
attack by the combination of intense, high-energy light, water 
molecules, hydrogen radicals and, for the in- and near-source 
elements, also tin contamination. This cocktail can lead to  
rapid and serious deterioration, which can even go as far as  
the formation of blisters and complete delamination. Under- 
standing this will require deep insight in the full spectrum  
of the surface- and interface physics involved. For example, 
depending on its oxidation state, the outermost layer can 
either serve as a diffusion barrier or as a catalyst for the 
production of atomic hydrogen. The microscopic structure can 
also have far-reaching consequences for the ease with which 
diffusion is possible through a thin film. We will collaborate 
with experts on e.g. density-functional theory and statistical 
mechanics to obtain a solid theoretical understanding of our 
experimental results.

Ultrathin films. Graphene and other monolayer materials may 
serve as optimal base materials for application in the EUV light 
path. They combine extreme transparency for EUV light with 
ultimate mechanical strength, which may qualify monolayers 
or multilayers of these materials for application as freestanding 
protective films for the most delicate optical elements in EUV 
lithography, such as the reticle, against debris in the form of 
small particles. However, over the required, multi-centimeter 
length scale of these so-called pellicles, graphene is far from 
perfect. Structural defects undermine the mechanical strength 
of graphene. They also introduce vulnerability to the continued 
chemical attack in the harsh environment involving oxidizing 
agents, atomic hydrogen and ample supplies of energy. 
Graphene may thus be reacted away rapidly under operating 
conditions. It is for these reasons that further improvements 
are urgently needed in the synthesis of large areas of single- or 
multilayer graphene of extreme quality.

We conduct live experiments with advanced scanning 
tunneling microscopy to follow the nucleation and growth of 
graphene on metal substrates by low-pressure chemical vapor 
deposition with a focus on the formation of structural defects. 
These experiments are extremely challenging, in view of the 
high temperatures that are required, in the order of 1000°C. 

Switchable friction. One of the holy grails in the area of contact 
dynamics is to make friction switchable between a low and a 
high level. This is highly relevant for EUV lithography. For 

example, high friction is essential to avoid slipping of silicon 
wafers with respect to their support under the brutal 
accelerations that they undergo during the illumination in a 
lithography machine; even nanometers of slippage cannot be 
tolerated. On the other hand, low friction is highly desirable to 
avoid distortions of the wafers when they are brought in 
contact with their support and to avoid wear of the support 
structure; tolerances are becoming extremely tight here as 
well. Very similar considerations apply to the reticles and their 
support structures. For these applications, the ideal solution 
would be to have the ability to switch from low to high friction 
and back.

Using a combination of microscopy and spectroscopy 
techniques and sensitive force measurements at a hierarchy of 
length and force scales, we explore a variety of approaches to 
this ideal. These include special thin-film coatings and tailor-
made, clever nanostructures, in combination with advanced 
strategies to manipulate the adhesion. The application appeal 
in this research goes hand in hand with highly timely 
developments in the field of fundamental tribology. These 
include the introduction of novel tribological phenomena, such 
as superlubricity and thermolubricity. They also involve the 
multiscale physics of friction that bridges between atomic-
scale nanocontacts and multiple-asperity microcontacts, 
between low-load, elastic deformations and the dislocation 
dynamics of plasticity, between single-component and multi-
component systems. Where possible, the experiments are 
complemented by theory and numerical modelling.

ARCNL regards these tribology challenges as so inspiring and 
relevant, that it is starting up a new research group, the 
Contact Dynamics Group. This group will be headed by a junior 
group leader on a tenure track. Presently, we are looking into 
the possibility to also attract a more senior researcher with a 
joint position at ASML and ARCNL to further strengthen this 
group and its collaboration with ASML.
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Theme 4: PROCESSES  
Finding out what EUV photons ‘do’

Introduction

By using a wavelength more than one order of magnitude 
shorter (13.5 nm), EUV lithography outperforms traditional 
ultraviolet lithography in terms of the spatial resolution. 
However, the response of materials to such high-energy 
radiation (92 eV) is not generally understood, let alone 
controlled. EUV photons lead to the ejection of both valence 
and core electrons of the exposed material through the photo- 
electric effect. The excess energy of the ejected electrons 
further promotes a myriad of processes along the path they 
travel within the material. The lack of detailed and fundamental 
understanding of how matter interacts with 92 eV light is also 
a major hurdle in the optimal utilization of EUV light for 
nanolithography applications.

Only by understanding the nature of the primary and secondary 
processes induced by EUV photons, as well as their spatial 
extent from the initial absorption site, can we conceive new 
ways of harnessing the photochemical power of EUV light and 
thus reach two goals that are highly relevant in the context of 
EUV lithography: (1) the canalization of the EUV power to write 
nanoscale patterns with high resolution in an efficient manner 
and (2) the mitigation of unintended damage on scanner 
components that are exposed to EUV light.

The fundamental understanding of EUV-driven photochemistry 
will thus be crucial to improve the viability of EUV technology 
by lengthening the scanner lifetime and by optimizing the 
lithographic process that will render the desired well-defined 
sub-20 nm patterns at low costs. Furthermore, the under- 
standing of the fundamental EUV-driven processes can be 
relevant for other applications that involve the use of soft 
X-rays, such as microscopy and imaging. The types of processes 
initiated by EUV radiation are expected to be qualitatively 
similar for other wavelengths within the soft X-ray regime  
that also promote the generation of the photoelectrons and 
secondary electrons.

Goal and ambition

Research within the Processes theme focuses on the study of 
the chemical response of matter to EUV light at the atomic and 
molecular level. The ultimate goal is to establish a correlation 
between the composition and structure of materials and their 
EUV-driven chemistry and thus gain control over their response 
to EUV light through molecular design. Our investigations will 
cover the study of undesired chemical degradation and of the 
EUV photochemistry occurring in the photoresist materials that 
are used for pattern writing.

6	 DUV	stands	for	Deep	Ultraviolet	and	refers	to	the	light	with	a	wavelength	of	193	nm	that	is	s	used	in	the	lithography	technology	
generation	preceding	EUV	lithography,	which	works	at	13.5	nm.

By studying photoresists, we aim to relate the chemical 
composition of these materials to the three parameters that 
measure their lithographic performance: sensitivity, critical 
dimension, and line-edge roughness. The first parameter 
reflects how many incident EUV photons are actually used for 
an effective chemical transformation. The critical dimension is 
the smallest size that can be patterned in a photoresist. The 
line-edge roughness refers to the random variations in the edge 
positions and shapes of a lithographically defined pattern. 
Interestingly, these three performance aspects are in 
competition with each other, so that in practice a trade-off is 
sought between them.

Therefore, we aim to elucidate how the molecular structure of 
the photoresist determines the absorption, photoelectron 
emission, chemical quantum yield, and electron scattering 
processes occurring in the material and relate these chemical 
features with the sensitivity, critical dimension and line-edge 
roughness that they render. Eventually, this will set the scene 
for a breakthrough in the field: the design of an optimal EUV 
photoresist material. This may imply the employment of new 
compositions or architectures with no precedent in traditional 
lithography or the use of EUV light for novel procedures 
different than the current approach based on the light-induced 
solubility switch.

The study of EUV photochemistry finds another important 
application in the understanding of which chemical and 
structural alterations are promoted by EUV photons on other 
types of materials, such as the surfaces of optical components 
or the gratings used for positioning the wafers. The elucidation 
of such photochemical mechanisms is essential towards the 
engineering of new materials that can endure this type of 
radiation.

Research program

To investigate the chemistry triggered by EUV radiation 
impinging on matter, we (1) carefully select model materials 
and (2) apply spectroscopic and characterization techniques to 
detect the hierarchy of chemical changes occurring after 
exposure to EUV radiation at different timescales. A most 
important aspect is that, in contrast to the DUV6 light used in 
earlier lithography technologies, EUV light promotes the 
emission of photoelectrons from the materials. The effect of 
the scattering of these electrons on different materials is not 
well known; nevertheless, it is considered the main responsible 
for the chemical reactions that the materials undergo upon EUV 
exposure.

The unique strength of the ARCNL approach is the synergy 
between synthetic chemistry and (time-resolved) optical and 
photoelectron spectroscopy. This teaming-up is especially 
necessary to study the sequential processes that are induced by 

EUV light and the derived photoelectrons and, in the end, to 
use the resulting knowledge to prepare novel materials with 
well-controlled photochemistry. We further aspire to 
complement our experimental activities with theoretical 
investigations involving computational chemistry that will 
assist in the interpretation of the empirical observations and, 
eventually, in the prediction of the EUV response of future 
materials.

Synthesis of model photoresists. The correlation between 
structure and reactivity is a common approach in chemical 
research to gain insight into the underlying mechanisms. In our 
studies, we concentrate on a few carefully selected families of 
materials, specifically: organometallic molecular compounds, 
metal oxo-clusters, and metal oxide nanoparticles. By exploring 
what chemical path for pattern formation is promoted by EUV 
light on different molecular designs and which one requires 
lower doses and renders higher resolution, we will be able to 
point out what the most relevant features in a photoresist are 
that contribute to sensitivity and pattern roughness.

Photoelectron spectroscopy. Photoelectron spectroscopy (PES) 
is an essential pillar of the Processes platform since it can 
determine the yield and energy distribution of the emitted 
electrons upon ionization of the materials by EUV light. X-ray 
photoelectron spectroscopy (XPS) has a broad scope since, in 
addition, it allows to analyze the composition of materials 
surfaces. This will be highly useful to us to monitor the 
chemical changes occurring in materials exposed to EUV 
radiation -either photoresists or optical components in the EUV 
scanner- or to other kinds of agents that induce surface 
degradation, such as Sn contamination from the source.

Low-energy electron microscopy. We will continue our fruitful 
collaboration with Leiden University on employing low-energy 
electron microscopy (LEEM) to investigate how the 
photoelectrons and the secondary electrons generated after 
the absorption of EUV photons interact with matter. This work 
is of utmost relevance for the investigation of EUV photoresists 
since it will allow us to understand to what extent the electrons 
released upon EUV exposure determine the photoresists’ 
sensitivity and the blurring of the pattern (line-edge 
roughness).

Time-resolved spectroscopy. Pump-probe spectroscopy 
consists of populating excited states with a pulse of light and 
probing them with a time-resolved spectroscopic technique 
(UV/Vis/NIR absorption, or luminescence). We are building a 
unique set-up, in which we will use DUV or EUV light as the 
pump radiation. The most challenging and valuable purpose of 
this tool will be to detect and identify the products resulting 
both from the primary ionization events and from the ultrafast 
secondary electron processes. This research line will naturally 
lead to an internal collaboration with the groups in the Source 
and Metrology themes, directed to the optimization of the HHG 
pulses in order to generate a sufficiently strong signal from this 
demanding pump-probe experiment.

Molecular identification of photolithography products. The 
identification of the photoproducts is essential to elucidate the 
mechanisms occurring after EUV exposure. The well-defined 
molecular structures of the model compounds used for our 
investigations is a major advantage for this task, since the 
spectroscopic fingerprints of the initial materials can be 
monitored by techniques such as X-ray photoelectron 
spectroscopy, optical absorption and emission spectroscopies, 
vibrational spectroscopy, and ellipsometry. We will perform 
mass spectrometry in collaboration with the EUV Plasma 
Processes Group, in order to study the decay paths of the model 
materials. Furthermore, interference lithography experiments 
at the synchrotron facilities of the Paul-Scherrer Institute in 
collaboration with their local scientist will enable us to 
systematically study the model photoresists synthesized at 
ARCNL and compare them with commercial materials. In this 
way, we will bring to light which variations in the molecular 
structure are directly related to the sensitivity and the light-
edge roughness. The combination of our insights in the working 
mechanisms with these performance aspects will prove to be a 
great asset in our development towards ‘designer photoresists’.

ARCNL  |  Strategic Plan  |  2017-2022

32 33



Extra activities

In addition to the four thematic clusters in which we strive for 
direct alignment with the research interests of ASML, ARCNL 
fosters a category of ‘Extra activities’, the fifth column in Figure 
4, for subjects that are more loosely associated with ARCNL’s 
central focus on nanolithography. The first component of this 
category is formed by three collaborative projects between 
ARCNL and AMOLF that are carried out within AMOLF. The 
second ‘Extra’ activity concerns preparatory studies for the 
production of EUV light by means of a free-electron laser. 

Collaborative projects with AMOLF. AMOLF continues to play 
an inspiring role for ARCNL, not just on the organizational and 
support levels, but also with respect to the research. The affinity 
that was experienced within AMOLF for the research challenges 
associated with the EUV technology of ASML, made AMOLF take 
the initiative for teaming up with UvA and VU to conceive the 
2013 bidbook for ARCNL and for serving as the launch platform 
for the new research center. The continued scientific interaction 
between ARCNL and AMOLF is embodied in a joint AMOLF-
ARCNL research group, which is formed by the combination of 
the joint tenure-track group on EUV Photoelectron Spectroscopy, 
which is part of the Processes theme (see Figure 4 and find 
further information in Appendix A), and three joint research 
projects that are hosted by AMOLF (combination of the upper 
groups in the two rightmost columns of Figure 4, marked with a 
blue background). Each of these projects is carried out by a 
single PhD student in a different AMOLF group, in direct 
interaction and collaboration with one of the groups at ARCNL. 
A small committee of ARCNL group leaders together with ASML 
Research Director Wim van der Zande was responsible for 
selecting the first generation of these projects, on the basis of 
research proposals from AMOLF. This mechanism of research 
cooperation generates a solid basis for long-term scientific 
collaboration between AMOLF and ARCNL and, indirectly, 
between AMOLF and ASML.

Accelerator-based production of EUV light. Free electron lasers 
offer an exciting alternative to the plasma-based approaches 
for EUV light generation. In these large-scale, accelerator-based 
lasers a relativistic beam of ultrashort packages of electrons is 
forced to undulate through the alternating field of a series of 
stacked magnets. Due to the undulation motion, copious 
amounts of light are produced with a wavelength – for instance 
13.5 nm or shorter – that can be tuned directly via the energy 
of the electrons. Collaborating with expert teams from a.o. the 
TU/e and CERN, we aim for path-finding research in the sub-
fields of novel electron-gun design and high-gradient 
accelerator structures that will enable a significant reduction of 
the accelerator footprint towards “smart” EUV light in a 
laboratory-scale setup. ARCNL’s role in this development is 
planned to be limited in size and time. Its primary aim will be to 
initiate the effort towards a new (inter)national free-electron 
laser facility in the EUV and soft-X-ray regime, FEL-NL, that will 
be completely separate and independent from ARCNL. 

The initiative towards the free-electron laser program, together 
with Groningen University and TU/e, has firmly put FEL-NL on 
the Agenda for National Large-scale Research Facilities of the 
Netherlands Royal Academy of Arts and Sciences (KNAW). 
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(Inter)national position Internationally, the Netherlands hold a unique position in the 
field of semiconductor industry, because of its extraordinarily 
high concentration of high-level industrial expertise and 
activity over the full technology chain, ranging from the 
development and manufacturing of lithography tools to the 
actual production of semiconductor devices, their inspection, 
and their application in modern digital hardware.

ASML plays a driving role in the International Technology 
Roadmap for Semiconductors (ITRS)7, which can be considered 
as the practical realization of Moore’s law. We are currently in a 
transition from so-called immersion lithography, using 193 nm 
light, to a new regime of lithography using EUV light. The 
present focus is on 13.5 nm. The major step to this short 
wavelength has required multiple revolutions in the employed 
technology, each component rooted in its own field of physics 
or chemistry.

Inspired by these developments, an increasing number of 
research groups in The Netherlands and abroad has been 
gearing their research subjects into directions that resonate 
with the interests of ASML, either directly or via one of ASML’s 
key partners such as Carl Zeiss SMT in Germany. Relevant 
subjects are for example EUV sources, EUV optics, EUV and soft 
X-ray imaging and metrology, and EUV photoresists. One of the 
unique strengths of ARCNL is that it concentrates research on 
all of these subjects under a single roof. Another unique aspect 
is ARCNL’s emphasis on fundamental science, rather than the 
usual, primary focus on application-oriented aspects, such as 
performance and lifetime. These characteristics make that 
ARCNL is rapidly acquiring a recognized role in this research 
landscape, both on a national level and in the international 
context. The strategic inclination of ARCNL to fundamental 
questions with a focus on applications ideally position ARCNL 
to act as a spider in a web that is much wider than EUV 
lithography alone. Already at this early stage, this is reflected in 
the circle of collaborations that ARCNL is involved in, which not 
only includes a significant fraction of the worldwide EUV 
lithography research community, but also a rich variety of 
seemingly unrelated research partners.

Examples of collaborative projects within the Netherlands that 
have materialized already or are in the early stages, are with 
Prof. Daniel Bonn (UvA), Dr. Erik van Heumen (UvA), Dr. Hanneke 
Gelderblom (originally at Twente University, group of Prof. 
Detlef Lohse, and now at Eindhoven University of Technology), 
Dr. Job Beckers (Eindhoven University of Technology; group  
of Prof. Gerrit Kroesen), Prof. Jom Luiten (Eindhoven University 
of Technology), Dr. Eric Louis (Twente University; group of  
Prof. Fred Bijkerk), Dr. Dries van Oosten (Utrecht University),  

7	 The	International	Technology	Roadmap	for	Semiconductors	
(ITRS)	is	a	set	of	documents	produced	by	leading	semiconductor	
industry	experts	describing	the	best	opinion	on	the	directions	of	
research	and	time-lines	up	to	about	15	years	into	the	future	for	
various	areas	in	semiconductor	technology	including	
photolithography.

Dr. Sense Jan van der Molen (Leiden University) and  
Dr. Anastasia Borschevsky (Groningen University).  
ARCNL further collaborates with Tata Steel and the Materials 
Innovation Institute (M2i).

Also internationally ARCNL is taking its place, for example 
through the growing collaboration with the ISAN institute in 
Troitsk (Dr. Slava Medvedev, Dr. Alexander Ryabtsev, and 
others) and the related Keldysh Institute in Moscow (Prof. 
Michael Basko) and through contacts with the research group 
of Prof. Ahmed Hassanein at Purdue University, and the groups 
of Prof. Gerry O’Sullivan and Prof. Padraig Dunne at University 
College Dublin -all working on various aspects of so-called 
Laser-Produced Plasma Sources of EUV light- and with Dr. Yasin 
Ekinci at the Paul Scherrer Institute (PSI) in Switzerland on 
interference lithography. In the field of spectroscopy of highly 
charged tins ions a close collaboration with the team of Dr. José 
Crespo López-Urrutia at the Max-Planck-Institute for Nuclear 
Physics in Heidelberg has been established, where ARCNL PhD 
students use the Electron-Beam-Ion-Trap facilities. For the 
theory of the structure and emission properties of tin ions 
fruitful collaborations already exist with Dr. Julian Berengut 
(UNSW, Sydney). We have a standing collaboration with Prof. 
Sergey Krylov from the Institute of Physical Chemistry in 
Moscow on theoretical aspects of friction. Via several 
successful beamtime applications, ARCNL has acquired access 
to large-scale facilities such as BESSY (for advanced electron 
spectroscopy) and PSI (for EUV interference lithography). In the 
context of the chemistry induced by electrons and EUV photos, 
ARCNL participates in the 13-partner Marie Skłodowska-Curie 
Innovative Training Network ELENA, which e.g. involves 
secondments of an ARCNL PhD student at IMEC (Belgium) and 
Iceland University.

Furthermore, ARCNL increasingly plays a coordinating role, for 
example by setting up a network around photoresist research, 
to generate access to cutting-edge instrumentation at various 
Dutch universities, such as Maastricht University and 
Groningen University, and by serving as the host for two series 
of international workshops, namely the International Workshop 
on EUV and Soft X-Ray Sources (2016 and proposed host for 
2019 and later) and the Workshop on Low-Energy Electrons in 
Lithography, Imaging and Soft Matter (LEELIS-I in 2014, LEELIS-II 
in 2016 and LEELIS-III announced for 2018).
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Strategy and alignment 
mechanisms

Alignment with UvA, VU and AMOLF

Several of the group leaders, with whom ARCNL started in 
2014, already worked at the Physics and Chemistry 
Departments of UvA and VU. This has led in a natural way to 
close connections between the research program of ARCNL and 
that of the two universities. Within ARCNL, these group leaders 
contribute expertise in laser physics, spectroscopic techniques, 
high-harmonic and EUV generation, and imaging (all from 
LaserLaB VU), and in synthetic chemistry, photochemistry, 
time-resolved spectroscopy, and plasmonics (from UvA).  
Within their home universities, they maintain a manifold of 
collaborations, for example with Prof. Johannes de Boer (VU), 
Prof. Daniel Bonn (UvA) and Dr. Erik van Heumen (UvA). We 
anticipate further interaction on photoelectron spectroscopy, 
surface physics and fluid dynamics and photocatalytic 
processes. As a result, the research between both universities 
and ARCNL is interwoven, and some of the ARCNL activities are 
carried out on the premises and using facilities of the 
Amsterdam universities.

In order to further stimulate collaboration between ARCNL 
researchers and the two universities, we have recently 
organized a special meeting and lab tour at ARCNL for scientific 
staff members of UvA and VU, and plan to repeat this on a 
regular basis. Special attention is also given to the students and 
junior researchers. ARCNL provides a growing contribution to 
the joint teaching program of UvA and VU, presently in the 
form of three courses in the MSc curriculum (see Outreach, 
education and knowledge transfer). Furthermore, ARCNL 
organizes and hosts student days and provides an attractive 
location for internships for students in both the Bachelor’s and 
Master’s phases of their Physics and Chemistry studies. 

In addition to their connection in the area of research, ARCNL 
and the two universities are also linked strongly in an 
operational sense, for example because a significant fraction  
of ARCNL’s researchers is employed by either UvA or VU. Also,  
a certain fraction of the externally funded research projects has 
been acquired with one of the universities as primary applicant 
and is formally managed via the universities. This operational 
entanglement requires intense communication on the 
management and operations level. In addition to a high 
frequency of individual contacts on organization, personnel, 
projects, contracts, finances, intellectual property, public 
relations, etcetera, ARCNL’s manager of operations conducts a 
bi-weekly meeting with the institute managers of the Physics 
Departments of UvA and VU.

Similar to ARCNL’s entanglement with the two Amsterdam 
universities, a strong, natural link also exists between the 
research at ARCNL and AMOLF. This is anchored in the research 
program of both institutes in the form of a joint research group, 
the AMOLF-ARCNL Group. As illustrated in Figure 4 and 
mentioned in the previous chapter, this group has two 
components. One component establishes a group in itself, the 
EUV Photoelectron Spectroscopy Group (see also Appendix A). 
We are presently in the process of recruiting a junior group 

leader on a tenure-track position for this group. Scientifically, 
the research of this group is expected to provide a unique 
contribution that will fit in very well with the research portfolio 
of ARCNL and that of AMOLF, thereby establishing a solid 
scientific link between the two; the group will be partly housed 
within AMOLF and partly within ARCNL. The other component 
is formed by three separate PhD-projects (see previous chapter, 
Collaborative projects with AMOLF). With these four direct 
research links, ARCNL and AMOLF have established significant 
common ground. Further resonance between ARCNL and 
AMOLF derives from other joint activities, for example in 
AMOLF’s NanoLab (cleanroom facility) and in the form of  
the attendance of each other’s seminars and the frequent joint 
hosting of guests.

Alignment with ASML

A defining element of ARCNL is its public-private nature. This is 
embodied in our research program. While being fully focused 
on fundamental physics and chemistry, it is composed of 
strategically chosen subjects with relevance from the industrial 
perspective, in particular that of ASML. Identifying subjects 
with this dual character is not a trivial task. It requires 
significant knowledge of the technology and the developments 
at ASML, including a full appreciation of the difficulties 
encountered and anticipated in these developments. This can 
only be realized through a frequent and intense exchange of 
knowledge between researchers at ASML and ARCNL. Such  
one-on-one exchanges establish the core of the mechanism by 
which ARCNL can keep its research program in resonance with 
the interests of ASML.

In practice, each of the research groups at ARCNL is interfaced 
with at least one team of researchers on the ASML side. In each 
of these cases, communication takes place in regular meetings, 
typically monthly, in Veldhoven (ASML) and Amsterdam 
(ARCNL), telephone conferences or Skype sessions and 
exchange via email. Some of the regular contacts also take 
place with ASML-Cymer researchers in San Diego8.

In order for new junior researchers at ARCNL to get acquainted 
quickly with ASML and to keep them informed about 
developments, including those outside the direct scope of  
their own research group, an annual “Junior Research Day”  
is organized for them at ASML. A similar mechanism is in  
place to make and keep ASML researchers aware of ARCNL’s 
developments, in the form of an annual day for ASML 
researchers at ARCNL.

The ‘living landscape’ of industrial technology, with rapid 
timescales of a few months to a year, would make it highly 
inappropriate for ARCNL to draw up strategic plans only once 
every five years, even though the typical timeline of a PhD 
project in The Netherlands covers four years. In addition to the 

8	 The	research	and	development	of	ASML’s	EUV	light	source		
is	concentrated	at	ASML-Cymer	in	San	Diego,	CA,	USA.

regular contacts and overview meetings, we organize an annual 
series of in-depth strategy discussions in order to continuously 
optimize the alignment between ARCNL and ASML.

Prof. Wim van der Zande, Director of Research at ASML, plays  
a key role by coordinating the ASML side of the interface 
between ASML and ARCNL. Typically, he initiates and 
coordinates discussions between ASML and ARCNL staff on 
new subjects and manages the ASML side of the interaction 
described above. For this, Van der Zande spends half a day  
per two weeks at ARCNL.

Twice per year, ARCNL presents itself to the management of 
ASML, in particular to Dr. Martin van den Brink (President  
and CTO of ASML), Prof. Jos Benschop (Senior Vice President 
Technology at ASML), Dr. Frank Schuurmans and Prof. Wim van 
der Zande. These meetings take place alternatingly in 
Veldhoven and in Amsterdam.

Finally, ASML annually evaluates ARCNL’s work. Input in this 
evaluation, in addition to Van der Zande’s and Schuurmans’ 
own impressions, is formed by the internal feedback that they 
receive from the ASML-researchers of their collaboration with 
ARCNL. Together with the report of the Scientific Advisory 
Committee, the annual appreciation document from ASML 
forms valuable input for ARCNL’s Director and Governing Board, 
providing them with a complete spectrum of how ARCNL is 
performing, viewed either through the eyes of its scientific 
peers or through those of its industrial partner. 
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Outreach, education and 
knowledge transfer

From the very start of ARCNL, much attention has been paid to 
public outreach. The combination of fundamental science and a 
recognizable application perspective provides an attractive 
vehicle for ARCNL’s researchers to explain to a general audience 
how important it is to invest effort and resources into scientific 
research and how inspiring science is. It also serves as an 
effective means to contribute to a general appreciation for 
advanced technology and for the special role that Dutch 
industry is playing, in particular with its unique concentration 
of semiconductor technology companies.

ARCNL’s staff members are frequently asked to provide public 
lectures about the concept and mission of ARCNL. In these 
specific forms of outreach, emphasis is put both on the 
scientific questions and on the possibilities for valorization.  
Of special interest are overview-type presentations that the 
ARCNL staff members frequently give for audiences with a 
scientific, industrial or mixed background, in which attention  
is also paid to the special way in which this public-private 
partnership has been set up. Our ‘ARC-model’ attracts attention 
and serves as an example for other public-private partnerships. 
As such, it is also advertised frequently in the context of  
the national science policy of The Netherlands, for example  
in public addresses by Sander Dekker, our country’s State 
Secretary of Education, Culture, and Science.

ARCNL is prominently included in the program of the Dutch 
national Science Day (“Weekend van de Wetenschap”), 
organized annually in October. On this occasion, ARCNL offers  
a general introduction on (nano)-lithography, several insightful 
experiments for children, and tours of the laboratory and public 
lectures - all integrated in the program of the Amsterdam 
Science Park.

A component of outreach that is difficult to influence is ARCNL’s 
presence in the media. With its unconventional character, ARCNL 
is happy to attract much attention, leading to frequent articles 
in newspapers and other journals as well as a modest number 
of appearances on radio and (local) TV shows. ARCNL finds it 
important to offer a professional feed of information, which is 
provided by the ARCNL website and by press releases and other 
professional outreach contacts coordinated by the two public 
relations officers of ARCNL and AMOLF, Petra Rodriguez and 
Erny Lammers. Additional attention for ARCNL is generated via 
the ARCNL Twitter (@nanolithography) and LinkedIn accounts, 
and the social media accounts of its staff members.

ARCNL provides a serious contribution to the joint teaching 
program of UvA and VU by organizing three annual lecture 
series in the two-year track Advanced Matter and Energy Physics 
within the MSc curriculum Physics and Astronomy. Most 
directly linked to ARCNL’s research portfolio is the MSc-level 
course on The Physics and Technology of Nanolithography. This 
course, in which many of ARCNL’s group leaders provide 
lectures, is coordinated by Paul Planken. It provides a coherent 
overview of the fundamental physics and chemistry underlying 
the processes and technologies involved in EUV photolitho- 
graphy. Kjeld Eikema provides an MSc course on Ultrafast Laser 

Physics. This course already existed prior to the start of ARCNL 
and it fits very naturally with the advanced laser activities in 
several ARCNL groups. Joost Frenken teaches an MSc course  
on Surface and Interface Science, which is new to the two 
Amsterdam universities and fits well with activities in several 
ARCNL groups. Even though the three courses reflect research 
at ARCNL, they also cover research topics pursued in the  
Science Faculties of UvA and VU and thus serve as a genuine 
educational connection between ARCNL, UvA and VU. Through 
these courses, ARCNL comes in direct contact with physics and 
chemistry students at both universities in Amsterdam. For 
many of them, this establishes their first acquaintance with 
ARCNL.

In addition, ARCNL organizes an annual one-day event, named 
Meet-Up@ARCNL, which aims to inform MSc students from  
all over the country about research at ARCNL. This is done via 
lectures and lab tours and. It also serves to identify promising 
candidates for PhD student positions. To this end, ARCNL 
requires all students who wish to participate to send a CV and 
motivation letter. As part of the Meet-Up@ARCNL program, 
participants are divided into groups and asked to solve a 
problem in the area of lithography-related science and 
technology.

Knowledge transfer is at the heart of ARCNL. The combination 
of generating and transferring new knowledge forms the 
primary driving mechanism for this public-private partnership. 
Mechanisms to connect ARCNL with VU, UvA and ASML are 
described at length in this document under Strategy and 
Alignment Mechanisms. As a fundamental research 
organization, ARCNL publishes its scientific results in the 
professional scientific literature and presents its work at 
international conferences and workshops, completely similar  
to the dissemination by other fundamental research institutes. 
In addition, ARCNL researchers disseminate their outcomes  
in application-oriented journals and meetings, such as the 
International Workshops on EUV Lithography and EUV and Soft 
X-Ray Sources.

For ARCNL, an important route of knowledge transfer deals 
with inventions. Again, a special role is reserved for ASML, the 
company having the first right of refusal with respect to the 
protection of intellectual property via patent applications.  
A creative route has been laid down for this in the ARCNL 
Cooperation Agreement, in which new inventions by ARCNL 
staff are first considered for protection by the patent division  
of ASML. If ASML decides to apply for a patent, the other 
stakeholders serve as co-applicants. Once the patent is granted 
and published, ownership is transferred fully to ASML. This 
procedure allows the academic partners in ARCNL to make this 
part of their output explicit and ‘visible’ without introducing 
legal complexities for the practical implementation and 
protection of the patents by ASML. For every patent that is 
established in this way, a market-conform compensation is paid 
by ASML to ARCNL. When ASML decides not to protect an 
ARCNL invention, the other ARCNL stakeholders can apply for  
a patent. Two mechanisms are used to professionalize this 
component of knowledge transfer from ARCNL to ASML. First, 
all scientific output, in the form of manuscripts for publications 
or materials for public presentations, for example at 
conferences, is shared with ASML prior to public dissemination. 
This helps to avoid unplanned exposure of proprietary ASML 
knowledge and to recognize promising patentable ideas. 
Second, patent ideas are presented to ASML in a well-defined 
manner via a so-called Invention Disclosure Form (IDF). The IDF 
we have composed is very similar to the one used internally  
by ASML for the same purpose, which makes it easy for ASML  
to process ARCNL’s ideas on a similar footing to the inventions 
by ASML employees. How serious this form of output is to 
ARCNL is illustrated by the stream of IDF’s and resulting patent 
applications by ARCNL, which has started earlier and is 
significantly higher than that of scientific publications.  
Next to ‘one-sided’ ARCNL-IDF’s, a good proportion of ARCNL’s 
inventions end up in joint IDF’s, featuring ARCNL and ASML 
researchers as joint inventors.

Participants	of	the	Workshop	on	EUV	and	Soft	X-Ray	Sources	in	2016.
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Financial outlook

9	 We	refer	here	to	a	period	that	also	includes	the	year	2023,	thus	covering	the	full	10-year	minimum	guaranteed	time	frame		
of	ARCNL.

Funding structure

ARCNL receives funding from four sources: (1) a base budget 
from the ARCNL partners, (2) a start-up subsidy from the City of 
Amsterdam and the Province of North-Holland, (3) a so-called 
TKI-supplement (see below), and (4) external project and 
program funding, acquired through research proposals.

The base budget from the partners amounts to M€ 7 annually, 
of which 50% comes from ASML and 50% from the public 
partners (NWO 32%; UvA 9%; VU 9%). The year 2016 was the 
first ‘steady-state’ year, in which ARCNL received full funding 
from all partners. The first two years, 2014 and 2015, were 
start-up years during which a reduced budget was received 
according to a start-up scheme, as agreed in the Cooperation 
Agreement.

The total budget for ARCNL for the period 2014 – 20239 is 
estimated to be M€ 100. The total exploitation costs were 
estimated at M€ 95 and are covered by the combination of the 
base budget from the partners, the TKI-supplement and the 
external grants. The city of Amsterdam and the Province of 
North-Holland awarded a start-up subsidy to ARCNL of in total 
M€ 5 (M€ 4,5 from Amsterdam and M€ 0,5 from North-
Holland). This subsidy has been used to realize the temporary 
laboratory and office buildings and to purchase scientific 
equipment. 

The TKI-supplement is a 25% financial support, offered by  
the Ministry of Economic Affairs through the Topconsortia  
voor Kennis en Innovatie (top-level consortia for knowledge  
and innovation), to match the private cash contributions in 
public-private partnerships. For ARCNL, this supplementing 
mechanism applies to the full contribution from ASML to  
the base budget of ARCNL. TKI support has to be applied for 
annually, on the basis of separate, collaborative public-private 
research proposals. 

In addition to the above-mentioned income, ARCNL researchers 
acquire external project and program grants from funding 
agencies, such as NWO and the EU (Horizon 2020). ARCNL 
researchers have been successful in obtaining prestigious 
personal grants such as ERC Starting and Advanced Grants and 
NWO Veni, Vidi, Vici grants. The total earning capacity of 
ARCNL’s senior staff is estimated to increase to a steady-state 
level of 2,5 M€ / year in 2020.

Outlook 2017 – 2023

Two major developments will impact the financial planning in 
the coming period. Firstly, increasing housing costs. ARCNL is 
scheduled to move to its long-term housing, the Matrix-VII 
building, by mid 2018. The exploitation costs for the present, 
temporary housing are relatively low. Therefore, the ARCNL 

housing costs will increase drastically after mid 2018. This 
planned increase in exploitation costs is accounted for in the 
budget and will be covered by the base funding.

Secondly, the 2017 – 2023 period will also mark the completion 
of ARCNL’s research portfolio. During this period, three major 
new research activities will expand to their full scale. 

- Preparations for the new research line on High-Harmonic 
Generation have been initiated already in 2016 by group 
leaders Stefan Witte and Kjeld Eikema. A tender procedure 
for the purchase of the dedicated laser system was finished 
in 2016. This system will be delivered and installed at ARCNL 
around mid 2017. The recruitment of the new tenure track 
group leader should also be completed around this time. The 
group will be further staffed with 2 to 3 junior researchers 
(PhD students and/or postdocs).

- The wheels have been set in motion for a new ARCNL 
research group on Contact Dynamics. A tenure track group 
leader will be attracted and discussions are currently ongoing 
with ASML research concerning the joint appointment of a 
senior staff member to lead research activities both at ASML 
in Veldhoven and at ARCNL in Amsterdam. Dedicated 
research equipment has been ordered, which will be installed 
in 2017. For this new group, 2 to 3 junior researchers will be 
necessary.

- Finally, ASML expert Arie den Boef has been appointed 
recently as Professor at the VU. In addition to his contribution 
to the VU and UvA MSc program in Physics, Den Boef will set 
up an experimental activity in the field of metrology. This 
ARCNL-work will be carried out at the VU. ARCNL will provide 
one PhD student to the project.

In order to accommodate the extra costs, a growth in external 
project income will be required. As was mentioned, we foresee 
a growth to M€ 2,5 / year, which will be sufficient to cover 
these ambitions.
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Appendix A:  
Research groups

This Appendix provides a complete overview of ARCNL’s current 
and future research groups and their plans for the period of 
2017 – 2022. The main text of the Strategic Plan can be read 
without consulting this Appendix, which serves primarily as a 
source of reference and accompanying background 
information.

10	 A	Nd:YAG	laser	is	a	solid-state	laser	that	generates	light	at	e.g.	a	1064	nm	wavelength	using	a	neodymium-doped	yttrium	
aluminium	garnet	crystal	as	the	lasing	medium.

EUV Plasma Processes Group

Dr. Oscar O. Versolato
Prof. Dr. Wim M.G. Ubachs
Prof. Dr. ir. Ronnie A. Hoekstra

The core expertise and interests of the EUV Plasma Processes 
group are in the physics of EUV-light-generating laser-produced 
plasma. The group employs a tin microdroplet generator to 
provide targets for ARCNL’s high-energy pulsed Nd:YAG10 laser 
systems which generate a hot and very dense plasma from these 
droplets. The group studies this plasma at the fundamental 
level: that of electrons, ions, atoms, and molecules. Using  
active and passive spectroscopic tools covering the optical, 
deep-ultraviolet, and EUV domains, we will probe plasma 
temperature and density, its tin charge state distribution, 
effects of self-absorption, and the line- and continuum 
emission of the EUV light in all its aspects. Plasma pressure,  
and its impact, is sensitively studied by probing the propulsion 
and fluid-dynamic deformation of the laser-targeted micro- 
droplet, from the incompressible to compressible regimes, 
using “high-speed” shadowgraphy systems. Detailed studies of 
the formation and ejection of fast ionic and neutral particulates 
by the plasma provides a looking-glass to look into the plasma, 
and enables the study of the interaction of the plasma with its 
direct environment.

Key atomic plasma processes will also be probed in setups 
dedicated to provide insights into the plasma’s physics at the 
single-particle level. Prof. Ronnie Hoekstra supervises a branch 
of the group at the Zernike Institute of Advanced Materials at 
the University of Groningen, where an electron-cyclotron ion 
source provides multiply charged tin ions for charge-state-
resolved studies of ion-molecule and ion-surface collisions at 
the quantum level. Fundamental electron-ion interactions such 
as quantum-chaotic recombination are investigated in a larger 
collaboration including the Max Planck Institute for Nuclear 
Physics in Heidelberg. 

The work in the EUV Plasma Processes Group is / will be 
performed by six PhD students, one postdoc, several part-time 
guest scientists and one group technician, under the 
supervision of Oscar Versolato, Ronnie Hoekstra (part-time 
appointment; 0.3 fte), and Wim Ubachs (part-time 
appointment; 0.3 fte).

EUV Plasma Modeling Group

Dr.ir. Jan van Dijk

The EUV Plasma Modeling Group will use a blend of theoretical 
and computational methods to understand and predict the 
formation and evolution of laser-produced tin plasmas with 
applications in EUV radiation generation. This is a multifaceted 
challenge that will require studying the laser-target interaction, 
the motion and deformation of the target, and the (plasma-) 
physical properties. The core expertise of the group is in the 
latter field. The group’s mission is to boost our understanding 
of hot dense atomic plasma sources; the research focus is on 
the deviations from Local Thermodynamic Equilibrium (LTE) 
that are expected to manifest themselves in such plasmas in 
the later stages of their evolution.

One of the key challenges in the modeling and simulation of 
laser-produced plasmas is the excessive number (on the order 
of 1000 or more) of plasma species and species states that 
must be taken into account to get realistic results. When the 
plasma is in an LTE-state, the population densities depend solely 
on the local pressure and temperature, and computational 
methods can be successfully applied. But in the absence of such 
equilibrium, these densities must be calculated from transport 
equations, and, with present technologies, a fully numerical 
time-resolved treatment of that many equations in three-
dimensional geometries is not feasible. We will solve this 
problem by identifying groups of species that are in equilibrium 
among themselves, and “project” the resulting density 
relations on the full system of equations. The result will be a 
combination of sets of (local) algebraic relations and a much-
reduced set of transport equations, which can be evaluated 
numerically without particular problem.

The models for the non-equilibrium “afterglow” phase will be 
validated by comparing computational results with high-
resolution EUV spectra measured by colleagues of the EUV 
Plasma Dynamics group at ARCNL. The knowledge about tin 
that is obtained as a result will also be applicable in the earlier 
stages of the tin plasma development, in particular in the time 
span when most EUV light is produced. As such, we will also 
make an important contribution to the technological goal of 
identifying possibilities for a further increase of the conversion 
efficiency of laser-produced plasma sources.

The two other key aspects of the study of EUV plasma dynamics 
are the interaction of the source laser with the (tin) target and 
the induced motion and deformation of that target. These 
bases are covered by ongoing research at research partner 
institutes, which will have our fullest attention. We will 
strengthen these contacts by making our detailed plasma 
models available to them as part of intensified collaborations.

This group will coordinate ARCNL’s link with partnering 
institutes, such as ISAN (Troitsk) and the associated Keldysh 
Institute (Moscow).

The work in the EUV Plasma Modeling Group is/will be 
supervised by Jan van Dijk (part-time appointment; 0.2 fte)  
and performed by one PhD student. The link with external 
institutes may result in a second PhD student project.
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EUV Generation and Imaging Group

Dr. Stefan M. Witte
Prof. Dr. Kjeld S.E. Eikema

The EUV Generation and Imaging group at ARCNL is centered 
around two major research themes in EUV science. The first 
theme is the optimization and understanding of EUV 
production from laser-generated plasmas. To achieve this goal, 
we will study the fundamental physics underlying the laser-
driven plasma formation, ionization and plasma dynamics, and 
subsequent EUV emission from the hot plasma. Important tools 
that we will employ are shaped-pulse excitation and time-
resolved spectroscopy with a variety of advanced ultrafast laser 
sources, ranging in wavelengths from the infrared to the 
extreme-ultraviolet, and in timescales from the femtosecond 
to the microsecond range. Our group has extensive expertise in 
the development of the advanced laser systems needed to 
perform such studies: we construct high-power Nd:YAG based 
sources, ultrafast optical parametric chirped pulse amplifiers 
and high-harmonic generation systems, as well as pulse-
shaping methods to control the generation and evolution of 
EUV-emitting plasmas in both space and time. We closely 
collaborate with the EUV Plasma Processes and Plasma 
Modeling groups in joint plasma-generation experiments on 
solid and liquid metal targets.

The second theme is the development of novel methods for 
imaging and microscopy, to investigate nanoscale structures at 
unprecedented resolution and contrast. We study methods for 
‘extreme’ imaging, for example of structures hidden below 
opaque materials, and deep-sub-wavelength optical metrology. 
We employ and develop a host of experimental approaches, 
including high-harmonic generation for the generation of 
coherent EUV and soft-X-ray radiation, ultrafast pump-probe 
techniques to generate high-frequency ultrasound pulses inside 
materials (in close collaboration with the EUV Targets group), 
and broadband Fourier-transform spectroscopy methods for 
depth-resolved imaging.  To extend imaging capabilities well 
beyond the constraints and limitations of classical imaging,  
we employ ‘lensless’ computational imaging methods such as 
coherent diffractive imaging and iterative phase retrieval 
algorithms. We aim to achieve phase-sensitive ultra-high-
resolution imaging and metrology, at wavelengths ranging 
from infrared to soft-X-rays, of structures that are important  
in nanolithography applications. 

One postdoc and two PhD students perform/will perform the 
plasma research, and one to two postdocs and typically four 
PhD students will perform the imaging research. One full-time 
research technician is associated with the group, and the group 
leaders are Stefan Witte (1.0 fte) and Kjeld Eikema (0.3 fte).

High-Harmonic Generation and EUV Physics Group

Vacancy for a junior group leader (tenure track)
Dr. Stefan M. Witte
Prof. Dr. Kjeld S.E. Eikema

Within ARCNL a new group is being established with a research 
theme centered around high-harmonic generation (HHG) and 
its applications. At the heart of this group there will be a HHG 
facility aimed at providing a world-record coherent EUV flux 
(for table-top systems) that can be used in various experiments. 
The laser system driving the HHG will be a mid-IR parametric 
amplifier system delivering few-cycle, multi-mJ pulses at up to 
50 kHz repetition rate, pumped by a novel Yb-based pump laser 
source that has already been acquired and will be installed at 
ARCNL mid 2017. The team will investigate novel HHG 
strategies suitable for high-repetition-rate laser systems, and 
find routes towards optimized generation of different HHG 
spectra, including narrow-band 13.5 nm radiation, but also 
broadband soft-X-ray spectra for nanometrology applications. 

This research group will provide ARCNL with unique 
experimental capabilities in EUV science, and will closely 
collaborate with several of the other groups to enable cutting-
edge experiments in metrology, surface and materials science, 
EUV photoresists, and more. 

The group will start with one postdoc and one to two PhD 
students, under the supervision of a new, junior group leader 
(to be recruited in 2017). Further supervision will be provided 
by Stefan Witte and Kjeld Eikema. The group is expected to 
grow further as the research program develops.

EUV Targets Group

Prof. Dr. Paul C.M. Planken

The EUV Targets Group focuses on the general areas of Source 
and Metrology, investigating and exploring advanced ways to 
manipulate the interaction of light and matter.

Our Source work focuses on the physics occurring during and 
after the excitation of tin with ultrashort laser pulses. Relevant 
for the generation of EUV light, we study methods to spatially 
structure metallic tin optically and optomechanically, with the 
aim to enhance the optical absorption of tin and, ultimately, tin 
plasma and, thus, EUV emission. For this, the group has a high-
power femtosecond laser system operating at 800 nm, which 
pumps a femtosecond optical parametric amplifier tunable 
from 1.2 to 12 mm. The use of femtosecond pulses makes it 
possible to separate the fast electron dynamics from the slower 
lattice dynamics occurring after optical excitation. This can be 
done with various pump-probe schemes in which one or more 
pump pulses excite the tin and a weak probe pulses 
interrogates the excited metal a short time after excitation. 
These experiments will initially be performed on layers of in 
deposited by thermal evaporation on tin. The aim is to perform 
these experiments at intensities sufficiently high to turn the tin 
into a plasma. The intent is to study the extreme non-linear 
physics that precedes this evolution of tin into a plasma. For 
this, a vacuum chamber, with Faraday cups to measure the 
emission of tin ions, will also be available.

The Metrology work of the group revolves around a recurring 
problem in metrology: the visualization / detection of small 
patterns underneath optically opaque layers. In collaboration 
with the EUV Generation and Imaging Group, we study, for 
example, laser induced ultrasound or optically excited ballistic 
electrons in metals to detect sub-surface structures. A second 
high-power laser system, capable of generating laser pulses as 
short as 7 fs, is available for these measurements. This makes  
it possible to study the very early stages of optical excitation 
and electron excitation. In contrast to the Source work, the 
Metrology work is typically non-destructive. However, the 
expectation is that the physics occurring during the first few 
picoseconds after optical excitation will show features 
resembling those that occur during the high-power excitation 
of tin. In general, therefore, both Source and Metrology topics 
require a thorough understanding of the physics of the 
electronic and lattice degrees of freedom in matter giving rise 
to considerable synergy. 

The work in the EUV Targets Group is/will be performed by four 
PhD students, one postdoc and one group technician, under the 
supervision of Paul Planken.

Nanolayers Group

Prof. Dr. Joost W.M. Frenken

The core expertise and interest of the Nanolayers Group are in 
the physics and chemistry of surfaces, interfaces and thin films. 
The group employs two special-purpose scanning-tunneling 
microscopes (STMs) to produce live, atomic-scale movies of 
surface processes. Of particular importance are the deposition, 
growth and thermal evolution of thin films. One of the two 
scanning-probe microscopes is used to investigate what 
atomic-scale mechanisms lead to the roughening and mixing at 
interfaces of multilayer EUV optics. This instrument features a 
sensitive tool to measure the surface stress during STM imaging 
and deposition. Special attention will also be given to the 
capping layers that terminate and protect the multilayer stack. 
In addition to the interfaces between the thin films, we will 
also devote attention to the development of microstructure, for 
example in the form of the formation and evolution of a 
nanocrystalline grain structure in the thin films. This will be 
related to the natural tendency for these structures for the 
build-up of a rough surface topography. We will also investigate 
the degradation of EUV optics, for example the hydrogen-
induced blistering, under simulated working conditions. For 
this, we will perform STM experiments on surfaces and thin 
films while we expose them to EUV radiation, low pressures of 
hydrogen gas, hydrogen radicals, oxygen and water, and to 
sub-monolayer quantities of tin. Each of these will have its own 
effects and it will be through detailed studies that we will be 
able to unravel the complex interplay between them.

The other STM in the Nanolayers Group is used for imaging of 
hot surfaces, up to and above 1000°C and during substantial 
temperature variations. This variable-temperature STM is used 
for additional measurements on the evolution of multilayer 
structures. We will also perform live observations of the 
chemical vapor deposition of single- and multi-layer graphene 
on suitable substrates, such as close-packed transition metal 
surfaces. Our goal is to reach a complete understanding of the 
nucleation and growth processes and to employ this to 
approach structural perfection of the resulting graphene. In the 
ideal (naive) scenario, a single graphene grain would be created, 
serving as starting point for a subsequent rapid overgrowth of 
the entire surface. This super-high-quality, single-nucleus 
graphene would exhibit exclusively a single lattice orientation 
and would also not suffer from translational defects. We will 
also explore the growth of related monolayer materials, such as 
hexagonal boron nitride and that of multilayer combinations of 
these materials.

The work in the Nanolayers Group is/will be performed by two 
PhD students (one on each of the two STM setups), one 
postdoc, one part-time guest scientist and one group technician 
(shared with the Contact Dynamics Group), under the 
supervision of Joost Frenken (0.5 fte available for research 
activities).
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Contact Dynamics Group

Vacancy for a junior group leader (tenure track)

As tolerances in lithography shrink into the regime of atomic 
dimensions, adhesion, friction, wear and lubrication are 
becoming increasingly important. In modern lithography tools, 
the silicon wafers are clamped with significant force against a 
structured support table that translates them accurately during 
the illumination of the wafer. These translations involve 
spectacular accelerations, during which the wafer should not slip, 
not even a single nanometer; hence the strong clamping force. 
Unfortunately, this force introduces significant sideways and 
out-of-plane distortions in the wafer, large enough to potentially 
compromise the alignment between the structures of 
subsequent manufacturing steps or to bring the illumination out 
of focus. To make things worse, the high forces also introduce 
significant wear on the wafer support tables, which shortens 
their lifetime. Our goal is to solve these issues by making friction 
switchable. A low friction value will enable wafers to be brought 
in contact with the support without any friction-induced residual 
stress, while a high value would subsequently be used to hold the 
wafer tightly during the high accelerations. Reaching this goal will 
require significant advances in our understanding of the contact 
dynamics over the full range of length scales, ranging from that 
of individual atoms in individual contacts to large ensembles of 
elastically connected asperities.

The new Contact Dynamics Group will bridge the gap between 
the microscopic origins of friction and energy dissipation in 
idealized, atomic-scale contacts and the practical scale of 
extended objects with multiple-asperity contacts, roughness, 
plastic deformations and wear. For measurements over the full 
range of relevant length scales, we use a dedicated AFM/FFM 
(Atomic Force and Friction Force Microscope) in combination 
with a separate Universal Mechanical Tester. The latter 
instrument will be modified to enable experiments in vacuum 
and in controlled atmospheres, such as low pressures of 
hydrogen gas. This will make it possible to investigate the effect 
that the working conditions in the actual lithography tool. Next 
to force measurements, we will inspect the contact regions with 
electron microscopy and various local spectroscopies, in order to 
identify contact- or sliding-induced changes in composition or 
bonding configuration. Intense collaboration on this topic is 
foreseen with the Nanophotochemistry Group and with the 
group of Prof. Daniel Bonn at the UvA. In these tribological 
studies, we will not only address the traditional materials of 
current lithography instruments, but we will also explore 
alternative coatings, such as graphene, diamond-like carbon and 
molybdenum disulfide. We will also go beyond the traditional 
contact geometries, for example by replacing flat surfaces by 
ensembles of micropillars or nanopillars and even introducing 
tailor-made molecular nanostructures.

The work in the Contact Dynamics Group will be performed by 
two PhD students with support from a group technician 
(shared with the Nanolayers Group). The junior group leader 
will be recruited in 2017.

Nanophotochemistry Group

Prof. Dr. A.M. (Fred) Brouwer

The science base of the Nanophotochemistry Group is in the 
field of molecular photochemistry, and encompasses many 
aspects of (supra)molecular synthesis, computational modeling 
of structure and reactivity, chemical analysis and spectroscopy. 
Molecular synthesis of photoresist model compounds of our 
own design is carried out in the laboratories of the Van ‘t Hoff 
Institute for Molecular Chemistry at the UvA. Spectroscopic 
experiments are performed mostly in the ARCNL laboratories 
where a multi-purpose setup is under construction that will 
provide EUV and deep ultraviolet (DUV) photons for 
illumination for chemical conversion, and for time-resolved 
spectroscopy. We intend to detect the products of the primary 
EUV photoionization event and the ultrafast secondary electron 
cascade. Following the time evolution from sub-picoseconds to 
seconds, we will be able to quantify the efficiency of the 
reaction pathways and to map out energy-loss processes that 
currently limit the efficiency of EUV photoresists.

For the analysis of thin films, we use X-ray photoelectron 
spectroscopy, ellipsometry, and Raman and infrared microscopy 
as our main tools. Another promising technique is TOF-SIMS,  
for which we collaborate with Maastricht University. Once the 
photoreaction products are known, mechanistic hypotheses 
can be tested by varying the detailed structure of the reactant, 
a classical approach in chemistry.

In order to assess the chemical reactivity induced by photo- 
electrons, we investigate electron-induced chemistry of the 
photoresist model compounds using Low-Energy Electron 
Microscopy (collaboration with Leiden University), and in the 
context of the Marie Skłodowska-Curie Innovative Training 
Network ELENA, in which 15 young researchers investigate the 
chemistry induced by electrons and EUV photons. 

The structures of reaction products and the mobility of 
electrons before they cause reactions are related to pattern 
resolution and roughness. The efficiencies of EUV photon 
absorption and of the subsequent chemical conversion 
determine the sensitivity of a resist material. We investigate 
the patterning performance mainly using EUV interference 
lithography at the Paul Scherrer Institute, combined with SEM 
and AFM imaging. In this way, we connect the fundamental 
physics and chemistry of EUV reactive materials to their 
performance as photoresists, which is further supported by 
simulations in close collaboration with ASML research.

The knowledge gained should allow us within a few years to 
contribute to the development of improved photoresist 
materials for commercial EUVL application.

The work in the Nanophotochemistry group is/will be 
performed by four PhD students and two postdocs with the 
support of one group technician, under the supervision of  
Prof. Fred Brouwer (part-time appointment; 0.4 fte).

EUV Photoelectron Spectroscopy Group

Vacancy for junior group leader (tenure track)

Photoelectron spectroscopy (PES) is arguably the most 
powerful and direct experimental method to access the surface 
electronic structure of condensed matter. In the context of EUV 
lithography, PES is relevant in two manners. Because of the very 
shallow penetration of EUV light, surfaces and thin films play a 
dominant role in the complete light path starting at the EUV 
source in lithography machines. This goes for all optical 
elements, including the reticle, and for the thin photoresist 
layer on the semiconductor wafer. The EUV-light-induced 
changes in all of them can be probed sensitively with XPS. For 
this, we will operate our PES system with a traditional X-ray 
source on a variety of metals, semiconductors, soft materials 
and even liquids. The spectra will reveal not only the chemical 
composition of the materials under study, but also changes in 
charge states and chemical bonding character.

For ARCNL, the PES technique is also relevant because it will 
enable us to investigate which electrons are liberated from all 
these surfaces and thin films when exposed to EUV light. For 
this, we will use tailor-made, monochromatic sources of EUV 
photons, such as one of ARCNL’s future HHG beamlines, so that 
we can acquire meaningful energy distributions of the 
photoelectrons and secondary electrons. This will provide us 
with highly relevant information to reach a full understanding 
of the EUV-light-induced changes (degradation) of optical 
components and of the working mechanism of photoresist 
materials in the special EUV energy regime, 92 eV. At this 
energy, a necessary intermediate step is the generation of 
photoelectrons plus secondary electrons. The spectroscopy of 
their energies will be essential.

Part of the EUV-PES experiments will be carried out at several 
of the world’s leading synchrotron light sources, such as BESSY-
II in Berlin and SLS in Villigen, where additional powerful 
techniques are available, e.g. X-ray absorption spectroscopy 
(XAS) and X-ray microscopy.

A special aspect of the conditions under which EUV lithography 
is performed is the presence of low-pressure hydrogen gas. This 
gas can be radicalized under the influence of the EUV light and 
add greatly to chemical changes in the illuminated surfaces and 
thin films. In order to explore these effects, we will carry out 
our experiments under similar conditions. From the PES 
perspective, however, the hydrogen pressures (mbar regime) 
are very high. This is why we have constructed a dedicated, 
high-pressure PES system that can handle these unusual 
conditions without compromising the PES intensity or 
resolution.

In combination with ARCNL’s photochemistry and photoresist 
groups, the EUV-PES Group will collaborate with Dr. Sense Jan 
van der Molen at Leiden University on low-energy electron 
microscopy (LEEM) and photoelectron emission microscopy 
(PEEM). By combining the PES information on electron energies 

with measurements in which photoresist films and other 
materials are illuminated with monoenergetic electron beams 
of precisely the appropriate energies, we will be in the position 
to fully unravel the working (or degradation) mechanisms. 

The EUV-PES Group is housed within ARCNL and AMOLF and 
forms part of the joint activity between AMOLF and ARCNL. 
The work in this group will be performed by two PhD students 
with support from a group technician and under the 
supervision of a new junior group leader (to be recruited in 
2017).
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EUV Photoresists Group

Dr. Sonia Castellanos-Ortega

In the EUV Photoresists Group we design materials with well-
known molecular structures in order to pinpoint which 
variables in the material contribute to their lithographic 
performance. Our strategy consists in modifying one by one the 
components of the molecule to tune a certain aspect of the 
photochemical reaction. In this fashion, we intend to tune 
variables that are vital in the EUV driven chemistry, such as the 
probability of absorbing EUV photons and the photoelectron 
emission yield (and energy distribution), through the variation 
of their elemental composition, whereas through the selection 
of the chemical bonding type we expect to favor or disfavor 
certain chemical reactions, e.g. bond cleavage vs. 
polymerization. By finding a correlation between the molecular 
structure and the sensitivity, line-edge roughness and critical 
dimension rendered by the material, we will be able of 
conceiving a new generation of optimized EUV photoresists.

In order to have a good control over the molecular structure, we 
work with highly versatile hybrid materials that allow for a 
modular synthesis via the combination of different inorganic 
and organic scaffolds. This modular character gives us access to 
two different kinds of architectures that can be deposited as 
amorphous films or grown as ordered structures in a layer by 
layer fashion. A main challenge to understand the pattern 
formation mechanisms is the identification of the chemical 
reactions promoted by EUV radiation. This will be achieved 
through a combination of various techniques: (a) vibrational 
and UV-vis absorption spectroscopy, mass spectrometry, and 
X-ray photoelectron spectroscopy to reveal the material’s 
transformation at a molecular level; (b) techniques such as 
ellipsometry, AFM or quartz crystal microbalance experiments 
to study changes in the bulk properties or topography of the 
films.

To unravel the chemistry that leads to pattern formation,  
we also intend to quantify it in terms of photochemical yield. 
This will imply measuring photoelectron yields by means 
photoelectron spectroscopy, and energy-loss processes by 
means of low-energy electron spectroscopy. We will also 
perform electrochemical studies to investigate the reactions 
induced by holes and electrons, which are of main relevance to 
comprehend how electrons contribute to the blurring of the 
patterns. 

The employment of all these miscellaneous techniques for the 
study of home-made photoresists will be carried out through 
internal and external collaborations, some of them involving 
synchrotron facilities. All the collected results will then be used 
in an iterative manner to refine the design of the materials and 
thus optimize their EUV-triggered photochemistry. 
Furthermore, all the gained knowledge will allow us to conceive 
novel ways of forming nanopatterns.

The research in the EUV Photoresists is currently being 
performed by two PhD students under the supervision of  
Dr. Sonia Castellanos-Ortega. We plan to grow to a total  
of four PhD students and attract two postdocs in the  
coming years.

AMOLF-ARCNL Group

Coordinator: Prof. Dr. Huib J. Bakker (AMOLF)

The AMOLF-ARCNL Group has two components: (1) the EUV 
Photoelectron Spectroscopy Group (described above) and (2) a 
small number of individual PhD-student projects. The latter are 
projects with a collaborative character towards ARCNL groups, 
but each one is fully hosted within one of the research groups 
of AMOLF. As a first generation of this joint AMOLF-ARCNL 
activity, we have started three projects. 

- “Ultrafast Probing of the Dielectric Response of Strongly 
Excited Metals” – This project is carried out in the group of 
Prof. Huib Bakker and relates to the work in several ARCNL 
groups, most strongly with that of Prof. Paul Planken. 

- “Wave-front shaped addressing of metasurfaces for 
programmable nanolithography, and near-field inspection” 
– This project in the group of Prof. Femius Koenderink 
resonates with the wave-front shaping expertise in the group 
of Dr. Stefan Witte and Prof. Kjeld Eikema, and forges a link 
with ARCNL’s work on lithography. 

- “Quantom dots for the next-generation photoresists” – This 
project is carried out in the group of Dr. Bruno Ehrler in 
collaboration with Prof. Fred Brouwer.

Accelerator-based EUV Group

Prof. Dr. ir. Ronnie A. Hoekstra

With the FEL-NL initiative to put an EUV and soft-X-ray free-
electron laser program on the KNAW Agenda for Large-Scale 
Research Facilities, the stage is set to try and realize such a 
facility in the Netherlands. ARCNL can provide a modest, yet 
highly meaningful contribution to this development. Under the 
supervision of Prof. Ronnie Hoekstra, two junior researchers 
will generate an initiating boost. Their focus will be on new 
electron-gun designs and on novel high-gradient accelerator 
components that may make it possible to shrink the dimensions 
of future FELs dramatically. We will explore the options to carry 
out this work in the form of an intimate collaboration with the 
SmartLight project of Prof. Jom Luiten at the Eindhoven 
University of Technology, one of the authors of the FEL-NL plan, 
together with  Hoekstra. Other expert teams at e.g. CERN and 
VDL will also be involved, and Hoekstra will receive strong 
support for his activities from Groningen University.

In parallel with this research activity, the organizational 
framework and funding structure will have to be set up in order 
to consolidate these first steps into a full-scale effort towards a 
separate, national facility. Obviously, this organizational effort 
and the establishment of a national FEL facility are both outside 
the scope of ARCNL. This sets natural limits to the extent and 
duration of ARCNL’s involvement in FEL-NL.
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Fragmenting tin droplet several  
microseconds after impact of an  
intense Nd:YAG laser pulse.




