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Preface
Only three years into its existence, the Advanced Research
Center for Nanolithography, in short ARCNL, is proud to present
its first Self Evaluation report. This new research center was
initiated in 2013 and had its formal start on 1 January, 2014.
The founding partners of ARCNL are the Netherlands
Organisation for Scientific Research (NWO), the University of
Amsterdam (UvA), the Vrije Universiteit Amsterdam (VU) and
the semiconductor equipment manufacturer ASML. ARCNL has
the ambition to be a worldwide leading research center with a
clear focus on scientifically excellent, fundamental research in
the context of nanolithography technology.

The combination of the character of ARCNL’s mission and the
organizational design of the center, which we now refer to as
“the ARC model”, should be regarded as an experiment in itself.
A public-private partnership of this type, structure and
timescale simply didn’t exist before in the Dutch research
landscape. A good experiment requires sensitive observation
and careful fine-tuning. Based on the experience acquired in its
start-up phase, ARCNL is presently in a process towards the
redefinition and refinement of its strategy. The elements in the
SWOT analysis that we provide in this report, are very relevant
for this, since they indicate where further improvements are
possible in ARCNL’s performance. These elements are reflected
in the ARCNL Strategic Plan 2017 - 2022, which is composed in
parallel to this self-evaluation report.

The main actions in the reporting period 2014-2016 have been
the conception and the start-up of the new research center.
This commenced with the 2013 ARCNL bid-book, i.e. the
original plan for the research center in Amsterdam. The
combined effort and support of the founding partners in
combination with that of a circle of strong, additional support,
which included the Amsterdam Science Park, the City of
Amsterdam and the Province of Noord-Holland, enabled an
unconventionally rapid start of ARCNL. The initial phase was
dominated by the preparations of temporary housing, the
recruitment of personnel and the construction and installation
of equipment. By now, a first generation of scientific results is
being harvested, patents on first inventions are established and
ARCNL is approaching its steady-state operation.

At this point, we would like to express our deep gratitude to all
individuals and organizations that have played a role in the
successful start of ARCNL that is described in this document
and to all enthusiastic contributors to this report.
Marjan Fretz (Manager of Operations) and
Joost Frenken (Director), Amsterdam, June 2017

As a follow-up of the original bid-book, a proposal has been
composed in mid 2015 for an Industrial Partnership Program
(IPP). The IPP scheme of the Foundation FOM (now NWO) is
aimed at driving large-scale public-private collaborations. For
ARCNL, the proposal in this scheme served not only to secure
part of its funding, but also to acquire broad support from the
Dutch scientific community for its research plans. The IPP
proposal, entitled “Physics for Nanolithography”, covered the
complete plan for ARCNL, as it stood in 2015. Both the bid-book
and the IPP proposal are added to this Self Evaluation Report as
supporting information.
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Chapter 1
DESCRIPTION ARCNL

Introduction
The Advanced Research Center for Nanolithography (ARCNL)
is a unique research center in the Dutch research landscape.
It 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 (see
text box on this page), primarily for the semiconductor
industry. It has the ambition to be a worldwide leading research
center with a clear focus on fundamental research in the
context of nanolithography technology. Next to a birth site for
new knowledge and innovations, ARCNL wants to establish
itself as a teaching and training site for a new breed of
motivated scientists and technicians with an inclination
towards applicable fundamental science. ARCNL has its own
(temporary) laboratory and office buildings, located on the
Amsterdam Science Park.
Nanolithography and EUV
Lithography is a ‘photographic’ technique in the semiconductor
industry using light to define the microscopic structures that
make up integrated electronic devices. The field of nanolithography is concerned with creating ever-smaller structures,
down to the nanometer (one millionth of a millimeter) range.
To move towards such smaller structures, light of shorter
wavelengths is required: replacing the typical, deep ultraviolet
(DUV, 193 nm) light by light with a wavelength in the extreme
ultraviolet range (EUV, 13.5 nm and below). This step has
forced the semiconductor industry to develop radically novel
technologies. The working principle of the latest EUV lithography instrumentation is based on a spectacular combination
of phenomena, rooted in diverse fields of active research, such
as laser physics and advanced optics, atomic and plasma
physics, fluid dynamics and surface science. 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 ARCNL.

Sources

“The ARC-model”
The first ‘invention’ that has been made in the context of
ARCNL is the organizational structure of ARCNL itself. This
has been laid down in the ARCNL Cooperation Agreement
and we loosely refer to it as the ‘ARC-model’, where ARC
stands for Advanced Research Center. We associate four
major characteristics with this model.
- An ARC is more than a project or a program. It has a longterm perspective of at least ten years, which requires a
solid financial and intellectual commitment of its
founding partners.
- The financial contributions from the founding partners of
an ARC add up to 50% for the private partners and 50%
for the public partners. This ensures a balance between
fundamental science on the one hand and applicationoriented research on the other.
- The financial contributions that the founding partners
make to the ARC are substantial. This enables the ARC
to follow its own course, independent of what might
be fashionable in science and therefore more likely to
generate external funding. Nevertheless, external funding
forms an important instrument for the ARC to benchmark
the center and its staff with respect to other research
institutions and for collaborations with external parties.
- An ARC is physically concentrated in a single location,
rather than distributed over two or more locations.
In this way, a genuine community is formed in which
the combination of common goals and complementary
expertise naturally leads to collaborative research.

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 University of Amsterdam (UvA) and Vrije
Universiteit Amsterdam (VU), with solid support from the
Foundation for Fundamental Research on Matter (FOM, now
NWO-I). As ARCNL’s founding partners, UvA, VU, NWO and
ASML have committed themselves to support ARCNL for a
minimum duration of 10 years, starting in January 2014.
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Figure 1. Organizational structure of ARCNL

Governance

international experts on ARCNL’s research subjects. Presently,
the SAC is chaired by Prof. Marc Vrakking (Director Max Born
Institute, Berlin). The full composition of the SAC (past and
present) is described in Appendix C. Over the period of 2014
– 2016, the ARCNL SAC convened two times, in January 2015
and January 2016.

Organizational and contractual preparations led to a flexible
and highly effective framework for this new type of publicprivate partnership that we now refer to as “the ARC-model”
(see text box on page 8). A Cooperation agreement between
the founding partners was signed in March 2014, detailing how
the governance, finance and handling of intellectual property
are arranged. A rapid start was made possible by launching
ARCNL as a department within AMOLF. ARCNL became
independent after reaching approximately 50% of its target size
(50 fte) in September 2015. ARCNL remains lean and flexible by
sharing its technical and administrative support staff with
AMOLF. This is formally laid down in a support agreement.

Financial 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 upon in the
Cooperation Agreement.
The total budget for ARCNL for the period 2014 – 20231 is
estimated to be M€ 100. The total exploitation costs are
estimated at M€ 95; they are covered by the combination

As shown in Figure 1, the organizational structure of ARCNL
is as follows.
- The research center is headed by a Director, Prof. Joost
Frenken, who is supported by a Manager of Operations,
Dr. Marjan Fretz.
- A Governing Board (GB) is in place, in which all founding
partners are represented. The GB keeps a close watch on
ARCNL’s course and establishes the formal link to the partner
organizations.
- An independent Scientific Advisory Committee (SAC)
monitors ARCNL’s strategy and progress. It is made up of

1

We refer here to a period that also includes the year 2023, thus covering the full 10-year minimum
guaranteed lifespan of ARCNL.
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of the base budget from the partners, the TKI supplement
and 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 NorthHolland). 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 fund offered by
the Ministry of Economic Affairs through the Topconsortium
voor Kennis en Innovatie (top-level consortium for knowledge
and innovation) ‘High Tech Systems and Materials’ (TKI-HTSM),
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.

Research program
ARCNL’s research program is presently formed by 12 research
groups. An overview is provided in Figure 2. Each group is
headed by one or more group leaders. These are full or
associate professors appointed by one of the two Amsterdam
universities and assistant professors on a tenure track within
NWO. The group leaders supervise compact teams of PhD
students and postdocs, in most cases with the technical
support of a group technician.
Here, we briefly list the 9 groups that ARCNL had at the end of
2016 in the chronological order in which they were added to
ARCNL’s research program.

Figure 2. Current research programme of ARCNL (June 2017). Each box represents a research group. These are organized in four major
themes, “Source”, “Metrology”, “Scanner”, “Processes”, plus a category labeled “Extra”. The box labeled “Integration” represents the
activity to interface between ARCNL and ASML.

Nanolayers Group
Start date: June 2014
Group leader: Prof. Dr. Joost W.M. Frenken (1.0 fte)
Research area: This group studies surfaces, interfaces, and very
thin films on the atomic scale. The knowledge it generates is
relevant for the delicate optics and other essential components
of modern lithography machines.

Research staff – Nanolayers (fte)
2014
Group leaders
0.75
PhD students*
1.5
Postdocs
0,3
Research technicians
0.1
Guests
0.1

2015
1.0
2.9
1.8
1.0
0.5

2016
1.0
3.0
1.3
1.0
0.5

Nanophotochemistry Group
Start date: June 2014
Group leader: Prof. A.M. (Fred) Brouwer (0.4 fte)
Research area: This group focuses on the effects of the
interaction between EUV light and the photosensitive films
used in lithography, called ‘photoresists’. This is a largely
unknown territory.

Research staff – Nanophotochemistry (fte)
2014
2015
Group leaders
0.2
0.4
PhD students
0.4
1.3
Postdocs
0
1.0
Research technicians
0
0.8

EUV Plasma Processes Group
Start date: July 2014
Group leaders: Dr. Oscar O. Versolato (1.0 fte; tenure track, since
October 2015)
Prof. Dr. Wim M.G. Ubachs (0,3 fte)
Prof. Dr. ir. Ronnie A. Hoekstra (0.3 fte)
Research area: This group uses an extensive diagnostic toolset
to characterize EUV light-emitting plasma at the atomic and
molecular level.

Research staff – EUV Plasma Processes (fte)
2014
2015
Group leaders
0.4
0.9
PhD students
0.3
2.5
Postdocs
0.3
1.2
Research technicians
0.2
0.9

2016
0.4
3.0
1.5
1.0

* One PhD student came along to ARCNL with the group leader.
This PhD student had started his project in 2012 at Leiden
University (see Narrative 2).
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2016
1.6
4.7
0.6
0.9

EUV Generation and Imaging Group
Start date: July 2014
Group leaders: Dr. Stefan M. Witte (1.0 fte, tenured since
September 2016)
Prof. Dr. Kjeld S.E. Eikema (0.3 fte)
Research area: This group aims to obtain a fundamental
understanding of the physical processes occurring in laserproduced plasmas and to control the emission of radiation and
particles. It also explores the possibilities of using EUV light for
a new type of ultrahigh-resolution microscope.

Research staff – EUV Generation and Imaging (fte)
2014
2015
Group leaders
0.7
1.3
PhD students
0.0
2.5
Postdocs
0.1
1.5
Research technicians
0.0
0.8

EUV Targets Group
Start date: September 2014
Group leader: Prof. Dr. Paul C.M. Planken (1.0 fte)
Research area: This group uses ultrafast lasers and spectroscopy
to study at every possible timescale the interaction between
high-intensity laser light and metals passing through the four
phases of matter: solid, liquid, gas and plasma.

Research staff – EUV Targets (fte)
2014
Group leaders
0.5
PhD students
0.3
Postdocs
0.0
Research technicians
0.0

2016
1.3
6.6
2.2
1.0

EUV Photoelectron Spectroscopy
Start date: August 2015
Group leader: Dr. Niklas Ottosson (tenure track from August
2015 until February 2017)
recruitment in progress for new tenure tracker
Research area: This joint group of ARCNL and AMOLF uses
photoelectron spectroscopy – detecting electrons knocked out
of a material by incoming photons – to study structural and
chemical properties of surfaces and thin films, including
molecular properties of EUV photoresist materials. Formally,
this research group falls within the AMOLF-ARCNL Group
(see last item in this list).
Research staff – EUV Photoelectron Spectroscopy (fte)
2014
2015
Group leaders
0.0
0.6
PhD students
0.0
0.0
Postdocs
0.0
0.0
Research technicians
0.0
0.2

2016
1.0
3.0
1.0
1.0

Research staff – EUV Plasma Modeling (fte)
2014
2015
Group leaders
0.0
0.0
PhD students
0.0
0.0
Postdocs
0.0
0.0
Research technicians
0.0
0.0

AMOLF-ARCNL Group
Start date: August 2016
Coordinator: Prof. Dr. Huib J. Bakker
Research Area: Next to the EUV Photoelectron Spectroscopy
Group, this joint group of ARCNL and AMOLF contains typically
three PhD projects in three different AMOLF research groups, in
close collaboration with research groups within ARCNL. At the
end of 2016, two PhD students started their projects in this
group. The third project started in early 2017.

2016
0.1
0.0
0.0
0.0

EUV Photoresists Group
Start date: February 2016
Group leader: Dr. Sonia Castellanos Ortega (1.0 fte, tenure track)
Research area: This group studies the chemical changes that
occur within a wide range of photosensitive materials in
response to incident EUV light. The aim is to gain fundamental
understanding in order to design and synthesize new classes of
materials with superior properties for nanopatterning.

Research staff – EUV Photoresist (fte)
2014
Group leaders
0.0
PhD students
0.0
Postdocs
0.0
Research technicians
0.0

2016
1.0
1.3
0.0
1.0
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2015
1.0
2.2
1.2
1.0

EUV Plasma Modeling Group
Start date: July 2016
Group leader: Dr. Jan van Dijk (0.2 fte)
Research area: This group uses 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.

2015
0.0
0.0
0.0
0.0

2016
0.9
0.5
0.0
0.0
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Sources

formulation of plans for such a center. In a record time, four
mature and highly attractive plans were drawn up, from which
ASML selected the bidbook composed by AMOLF, UvA, and VU.
The Amsterdam plan was coordinated by Prof. Albert Polman,
director of AMOLF at the time.

Narrative 1
ARCNL: a dashing start!

Although the formal starting date for ARCNL was set for
1 January 2014, intense preparatory activities commenced
immediately in 2013. These were devoted to a large extent
to setting up the formal collaboration framework between
the four involved parties (UvA, VU, ASML, and, at that time,
still FOM) that would result in the Cooperation Agreement
between the partners that was signed early 2014. In order to
facilitate this, AMOLF recruited a ‘quartermaster’, Dr. Joris van
Bergen, to set up the legal, organizational and financial
framework for ARCNL. In parallel, a second quartermaster,
Dr. Emile van der Drift, was made responsible for organizing
the temporary housing for ARCNL, including both laboratory
and office space. By the end of 2013, a Director was recruited
as well, Prof. Joost Frenken, so that the center could have a
genuine start on 1 January 2014.

The most relevant achievement in the context of ARCNL over
the 2012-2017 reporting period is the conception and rapid
start of ARCNL itself. It serves as a fine example of the
organizational flexibility and strength of the Dutch scientific
community as a whole and of NWO-I, the institute branch of
NWO (formerly FOM), in particular. It also illustrates the strong
interaction between industry and academia in The
Netherlands.
This brief history starts with the initiative in 2013 by
Prof. Bart Noordam from the company ASML for a publicprivate partnership in the form of a new joint research center.
This was formulated in a closed call to a total of four consortia,
three within the Netherlands and one in Germany, for the

At first, ARCNL was generously housed in the AMOLF building.
Next, the ARCNL laboratories moved into the PimU building,
rented from NWO institute Nikhef and completely refurbished
for this purpose in 2014. For the offices, a temporary structure
was erected, right next to the laboratory building. In November
2014, the new laboratory building was officially opened by
ASML President and CTO, Dr. Martin van den Brink, and State
Secretary of the Netherlands Ministry of Education, Culture and
Science, Sander Dekker MSc.
In 2014, ARCNL started a rapid recruitment campaign. Many of
the senior staff members joined in this first year and a first
generation of PhD students and postdocs was attracted, most

Opening of ARCNL’s laboratory building, November 2014. From left to right:
Joost Frenken, Sander Dekker, Rob van Hattum and Martin van den Brink.
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Shadowgraph images of a tin droplet seen from the
front (left section) and from the side (right section),
when hit by the laser pulse, impinging from the right.

of them towards the end of the year. A first group of support
staff, such as technicians and a secretary, also joined ARCNL.
Additional support staff was recruited for the support units of
AMOLF (workshop, electronics, ICT, et cetera), that now serve
both AMOLF and ARCNL. Since this rapid start, ARCNL has been
growing steadily.

Versolato and his team are in frequent and intensive contact
with the scientists at ASML Research in Veldhoven and at
ASML-Cymer in San Diego, where most of ASML’s source
development is concentrated at present. The first scientific
publication out of ARCNL is devoted to this research and has
Adam Lassise from ASML as one of the co-authors.

The first scientific instrumentation was installed in ARCNL’s
laboratories in October 2014. The construction of ARCNL’s tin
droplet source started in December under the supervision of
Dr. Oscar Versolato, who had joined ARCNL as a postdoc in the
EUV Plasma Dynamics group of Prof. Wim Ubachs and Prof.
Ronnie Hoekstra. With assistance of ASML’s Dr. Adam Lassise,
this new setup was brought “to life” in a record time and by
February 2015, it already started harvesting scientific results.
The first results consisted of so-called shadowgrams of the
type, as shown in the images on top of this page. In these
pictures, one can see the silhouettes of tiny tin droplets and
follow the time-dependent changes in their position and shape
after they have been hit by a short, infrared laser pulse. Dr.
Versolato rapidly expanded his activities and, in 2015, was
appointed as a junior group leader on a tenure track. Together
with Ubachs and Hoekstra he heads what is now called the EUV
Plasma Processes group.

One of the elegant aspects of this work on the propulsion and
shape development of tin droplets is that it reveals universality
in the droplet behavior. When energy, time and spatial
dimensions are scaled appropriately, even water droplets
evolve just the same way. The theory behind this and the direct
comparison with water have been explored in fruitful joint
research with the team of Dr. Hanneke Gelderblom, who is
collaborating with ASML in the context of the FOM Focus Group
‘Fundamental fluid dynamics challenges of extreme ultraviolet
lithography’ of Prof. Detlef Lohse from Twente University.
In addition to this fundamental understanding of the droplet
dynamics, researchers at ARCNL aim for the development of
laser-pulse approaches that result in more efficient EUV light
production.

By now, Versolato and his team have already published
four papers on the propulsion and shape evolution of laserirradiated tin droplets and on the spectroscopy of highly
charged tin ions. This research serves as a good example of
the ARCNL approach: it is fundamental science that finds its
way into the scientific literature and is presented successfully
at scientific meetings; at the same time, ARCNL’s research
on laser-irradiated tin droplets has direct relevance in the
development of ever better sources of EUV light by ASML.

In conclusion, the conception and rapid start of ARCNL form
the major achievement of the first period, and within three
years after the formal start of ARCNL it has already culminated
in a first scientific publication with strong collaborative
character and with potential applicability to ASML’s new light
sources.
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Chapter 2
OUTPUT

2A
Context

The present evaluation covers ARCNL’s first three years. As
these are dominated by the conception and build-up phases, a
tailored combination of achievements has to be assessed, for
which a dedicated set of performance indicators is required.

of these projects are carried out together with and supervised
by one of the PhD students or postdocs.
D. Organization of scientific meetings
Already in its first year, ARCNL has become active in the
organization and hosting of international research meetings,
starting with the first LEELIS workshop (International Workshop
on Low-Energy Electrons in Lithography, Imaging and Soft
Matter). This workshop was so successful that a follow-up
meeting, LEELIS-II, was organized at ARCNL in November 2016.
In the same period, ARCNL also co-organized and hosted the
2016 Workshop on EUV and Soft X-Ray Sources. This is an
annual workshop that is usually held in Dublin. The success of
this meeting at ARCNL was rated so high that the meeting will
from now on rotate, with ARCNL serving as one of the
‘standard’ venues. ARCNL is also acting as the location and
organizational basis for European network meetings and for
local, Dutch scientific meetings.

International position and benchmark
ARCNL is a one-of-a-kind research center. This makes it difficult,
if not impossible to identify another research center or
institution, with which ARCNL’s mission and output can be
compared directly. Within the Dutch context, ARCNL’s structure
and its ambition to perform high-impact fundamental research
are similar to those of other NWO institutes such as AMOLF and
DIFFER. ARCNL’s strong focus on application-oriented issues and
its aim to pair scientific discoveries with technological
inventions and corresponding intellectual property are more
typical for a Fraunhofer-type institution. In the Dutch
landscape, the so-called FOM Industrial Partnership Programs
share this dual character, but they lack the institutional scale
and the long-term perspective of ARCNL.
Since the start of ARCNL, two other Advanced Research Centers
have been initiated. The Advanced Research Center ‘Chemical
Building Block Consortium’ (ARC-CBBC) is a public-private
partnership in the field of chemistry. It shares several
characteristics with ARCNL, such as the long-term perspective
and the collaboration between academic research and industry.
There are also significant differences, the most visible being
that the ARC-CBBC is distributed over the country and operates
as a virtual center, while ARCNL is physically concentrated in a
single location, thus emphasizing the joint mission and
corporate character of the research center. QuTech is the
Advanced Research Center on Quantum Computing and
Quantum Internet. Like ARCNL, QuTech is a ‘real’ center in a
single location. In QuTech, the role of the industry is more that
of a spectator and enabler, while a careful alignment between
developments in ASML and research choices at ARCNL ties the
two together even on a project-by-project basis.

Definition of performance indicators
With its dual character, it is all the more relevant for ARCNL to
pursue a clear set of goals, in terms of well-defined key
performance indicators. The unprecedented nature of ARCNL
made it difficult at the start to define the formal expectations
that could be used as performance indicators. Now that ARCNL
has existed for more than three years, the experience acquired
over these initial years enables to critically review and specify
the objectives and expectations that are appropriate for ARCNL.
This is why management and stakeholders of ARCNL have
started an explicit process to discuss the goals of ARCNL and
define a joint list of performance expectations. At present (June
2017), this definition process is still ongoing and it is planned to
culminate in a new ‘blueprint’ for ARCNL. A retreat is planned
of ARCNL’s management and its Governing Board members in
order to discuss and embrace the new plans. The resulting list
of key performance indicators (KPIs) will establish the metric for
the next evaluation round, which will reflect ARCNL’s first
steady-state period.

18
ARCNL | Self-evaluation report | 2014-2016

2B
Performance indicators and results achieved
Research quality
1. Research products for peers
A. Building up a research center from scratch
The main achievement in the period 2013 – 2016 has been the
establishment of ARCNL as a new research center. This started
with first ideas, the bidding and selection procedure and the
organizational preparations in 2013. The center started on 1
January 2014 with a single employee (0.5 fte) and grew in three
years to 67.8 fte. A first cohort of group leaders with
appointments at the two Amsterdam universities became
formally associated with ARCNL after mid 2014, which is when
they started recruiting junior scientists and technicians for their
groups. At first, ARCNL was hosted by AMOLF and had no
separate housing and no laboratory equipment. Within the first
three years, temporary office and laboratory buildings have
been arranged and 9 research groups have been established, all
of which have (fully) equipped laboratories with operational,
state-of-the-art scientific equipment.

2. Use of research products by peers
A. Citations
The number of citations to ARCNL publications will form a
relevant performance indicator for the next evaluation period.
In view of the very small number of very recent publications,
this number cannot serve as a meaningful indicator yet.
B. Use of datasets
ARCNL produces experimental datasets, for example on the
laser-induced propulsion and deformation of tin droplets and
on the spectroscopy of highly charged tin ions. These advanced
data are used by several theory and modelling groups, e.g.
Lohse/Gelderblom (Enschede), Ryabtsev/Basko/Medvedev
(Keldysh and ISAN) and Berengut (Sydney). Each of these
examples has the character of an active collaboration, well
beyond the unidirectional style of merely providing access to
data sets, and each is leading to joint publications and further
collaboration.

B. Peer-reviewed publications
The number of peer-reviewed publications will form a relevant
performance indicator for the next evaluation period. In the
period 2014 – 2016 three articles were published. As the center
was only recently set up, this number cannot serve as a
meaningful indicator yet. We expect it to reach a steady state
around 2019, five years after the start of ARCNL.
As explained above, the research performed at ARCNL exhibits
a dual character. It is fundamental research with a motivation
that is directly derived from the practical, ASML-oriented
application. At this stage it is difficult to predict how strongly
this combined character may affect, i.e. reduce, the scientific
impact (as measured by the journal impact factors) of our
publications. Such an effect should certainly be expected and
this will be incorporated into our future key performance
indicators.

3. Marks of recognition by peers
A. Scientific awards and honors
Prof. Joost Frenken is a Member of the Royal Netherlands
Academy of Arts and Sciences (KNAW). He is the recipient of
several national and international awards. In the reporting
period, he received the 2012 FOM Valorisation Award (Annual
Dutch national award for the valorization of fundamental
physics). In 2016, Prof. Paul Planken was elected Fellow of the
Optical Society (OSA) and in the same year, he became
Associate Editor of the journal Optics Express. Prof. Wim Ubachs
was elected in 2016 as Fellow of the American Physical Society
(APS).

C. PhD-theses / dissertations
The first ARCNL-related PhD defense is scheduled for mid 2017
(see Narrative 2 on tribology). However, since the first cohort
PhD-students started in 2014 and 2015, they should be
expected to finish their projects and defend their PhD theses in
2018 and 2019, in line with ARCNL reaching its steady state in
publication rate (see previous point). On a shorter term, several
MSc projects are already brought to completion by Physics and
Chemistry students from UvA, VU and other universities. Most

B. Personal research grants
Several ARCNL scientists have acquired major, individual Dutch
and European grants. Prof. Joost Frenken obtained an ERC
Advanced Grant in 2010 on Friction, and transferred this grant
to ARCNL after he started as a director. In 2014, Dr. Stefan Witte
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obtained an ERC Starting Grant on lensless imaging and
together with Prof. Kjeld Eikema, Witte received a grant in 2015
from the Dutch Technology Foundation STW in the HTSM
program. In 2016, Prof. Fred Brouwer received a Marie
Sklodowska Curie Grant. In 2016, both Prof. Kjeld Eikema and
Prof. Wim Ubachs obtained ERC Advanced Grants, in both cases
for research that is conducted at the VU and reflects the
international recognition for their work by their peers. In
addition, we mention the exceptionally large number of granted
proposals for beamtime at synchrotron radiation facilities (in
total, 8 were granted in the period 2014-2016) by Dr. Niklas
Ottosson, Dr. Sonia Castellanos Ortega and Prof. Fred Brouwer.

Societal relevance
4. Research products for societal target groups
A. Outreach
Over the reporting period, ARCNL has engaged in a variety of
outreach activities. These include an Open House for the
general public on the annual Dutch national Science Day, which
ARCNL immediately organized in 2015. On two occasions,
ARCNL has been present at the Hannover Messe, the annual
international technology fair in Germany. With a variety of
public lectures, ARCNL staff members explain to the general
public and to various expert audiences what is special not
only about modern and future nanolithography but also
about the mission and research program of ARCNL.
The internet provides an effective channel for outreach.
For ARCNL this takes shape via its website (www.arcnl.nl),
and Twitter (@nanolithography) and LinkedIn accounts. These
outreach activities are professionally supported by PR officers
Petra Rodriguez and Erny Lammers.
B. Media (non-scientific)
ARCNL is enjoying significant coverage in the media, such as
the Dutch national newspapers, a variety of journals, local
television and Dutch, national radio. An impression is given
on the right.
C. Infrastructure initiative
ARCNL group leader Prof. Ronnie Hoekstra is the frontrunner
for the Dutch, national, infrastructural initiative FEL-NL. This
is a long-term plan, jointly presented to the KNAW by Hoekstra
with support from Groningen University and Eindhoven
University of Technology, for a national, free-electron laser
facility in the EUV and soft X-ray wavelength regime.
D. Teaching
ARCNL researchers provide several contributions in the joint
MSc teaching program at VU and UvA. Several ARCNL groupleaders lecture together the MSc course ‘ The Science and
Technology of Nanolithography’. In addition to university
course programs, ARCNL also offers internships for BSc and
MSc students in physics, chemistry and technical sciences.
In total 22 students (BSc and MSc) completed their internships
at ARCNL in period 2014-2016. In addition, ARCNL successfully
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participates in the Leraar in Onderzoek (Teacher in Research)
program, a special research internship program for high-school
teachers.

2C
Own Assessment

5. Use of research products by societal groups

Quality

A. Patent applications
Well before ARCNL’s first scientific publications appeared,
several ideas from ARCNL researchers were already transferred
into patent applications. The ARCNL Cooperation Agreement
contains a convenient transfer route for intellectual property.
This approach has resulted in a total of 9 patent applications in
the period 2014 -2016, selected from a larger number (15) of
patent ideas that were shared with ASML in the form of socalled Invention Disclosure Forms.

With respect to research output, ARCNL is still in its infancy.
Therefore, it is not meaningful at this stage to judge the quality
of the research performed at the center either in terms of
scientific performance or in terms of its practical impact. We
expect the next evaluation period to be much more appropriate
to evaluate the quality of ARCNL on the basis of its output.
What we can assess already now is ARCNL’s starting
configuration, such as the line-up of senior staff members, the
center’s experimental facilities and embedding.

B. Collaborative projects with industry
For ARCNL, the natural industry partner is ASML. The intimate
collaboration takes shape in frequent meetings for each of
ARCNL’s research groups with their counterparts at ASML,
typically once per month. Next to these group-wise contacts,
overview over the collaboration as a whole is kept by ARCNL’s
management (Frenken and Fretz) and by Prof. Wim van der
Zande, Director of Research at ASML. This multi-level
coordination serves to align ARCNL’s research optimally with
the interests of ASML. ASML being the primary industrial
partner for ARCNL, this public-private contact is not exclusive.
Over the reporting period, ARCNL has also collaborated with
TATA Steel, Carl-Zeiss and IMEC.

Staff
The fact that a large fraction of the ARCNL staff members
already had academic appointments at UvA or VU ensured an
optimal entanglement of ARCNL with the two universities.
Whereas the research performance of ARCNL’s staff members
cannot be measured yet from their output at ARCNL, their
research potential can be addressed via the scientific output
that they have generated with non-ARCNL work before the
start of ARCNL. We have invited the Centre for Science and
Technology Studies (CWTS) to perform a bibliometric study of
the scientific output of ARCNL’s senior staff members in the
period of 2011 to 2015. The result of this analysis is provided in
a separate document, “Assessing the research potential of ARCNL
2017”. Even though this period overlaps with the first two years
of ARCNL, the analyzed output is solely based on research
performed prior to the start of ARCNL.

6. Marks of recognition by societal groups
A. Direct support to base budget
The most visible recognition for ARCNL from society comes in
the form of the direct cash contribution that ASML supplies
over a guaranteed ten-year period to ARCNL’s base budget.
This contribution covers more than one third of ARCNL’s total
budget and enables the entire operation of ARCNL. It also
serves as a multiplier for contributions from public parties.

The CWTS report demonstrates that the average citation score
of the ARCNL senior staff members in the 2011-2015 period
was more than 40% above the world average in the same
research areas and that the average impact score of the
journals in which their publications appeared was more than
50% above the corresponding world average. These scores are
on par with those of publications in similar research fields from
other Dutch academic institutions.

B. Additional support
Inspired by the concept of ARCNL, the City of Amsterdam and
the Province of Noord-Holland have donated a significant
contribution of in total M€ 5, which has been used for the
temporary housing and for investments in research equipment.

Equipment
By dedicating a significant budget for investments in laboratory
facilities and state-of-the-art equipment, ARCNL has been
successful in building up a laboratory infrastructure of very
high quality. This sets the stage for highly competitive
experiments over several generations of PhD students.

C. Matching support
ARCNL enjoys matching funds from one of the Dutch TKIs,
namely the TKI devoted to High-Tech Systems and Materials
(TKI-HTSM). This co-funding scheme offers 25% matching
support on top of each cash contribution from industry, as a
stimulus for public-private partnerships.

Moreover, ARCNL benefits from a highly stimulating high-tech
environment, shared with AMOLF, with an easily accessible
cleanroom, strong, high-level technical support for the design
of new instruments, a workshop with refined tools and highly
skilled instrument makers, advanced electronics development,
software engineering, and ICT support. Every (experimental)
research group of ARCNL is staffed with a dedicated group
technician. In this way, ARCNL has created a high-tech
environment in which its scientists can truly excel.
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Embedding
To complete the spectrum of environmental advantages, the
Amsterdam Science Park provides ARCNL with a high-quality
location. Located directly next to three other NWO-institutes,
at a few minutes walking distance of the laboratories of the
UvA and the site of the joint physics teaching program of UvA
and VU, on premises together with the Amsterdam University
College and with a multitude of startups and local settlements
of larger companies, ARCNL is part of a highly attractive,
international melting pot of science, technology, teaching and
entrepreneurship. It is located close to downtown Amsterdam,
it is well-connected to the highway and to public transport, and
it is near Schiphol Airport. This attractive location adds to the
appeal of ARCNL and helps in attracting the best people.

Viability
Several of the features that were highlighted under “Quality”
contribute to the viability of the ARCNL-construct. With its
excellent combination of facilities, support, and environment,
ARCNL has created an attractive and sustainable academic
setting to pursue its special mission. The application-oriented
aspect of its fundamental-science mission adds an element of
strong attraction to new generations of scientists. By providing
ARCNL with a unique role in the scientific landscape, this also
adds to the viability of the ‘ARC-model’. There are further
aspects to the formal organization of ARCNL contribute to the
center’s viability. One is that there is a real contract, the
Cooperation Agreement (CA) that defines the participation of
the four founding partners in ARCNL. A key element in this CA is
that the ‘base funding’ for ARCNL is substantial. This funding
has enabled a rapid start of ARCNL and is guaranteed for a
period of ten years. This is substantially longer than any regular
funding instrument in The Netherlands and has allowed ARCNL
to shape itself as a research center with a long-term
perspective, in sharp contrast to a contained research program.
The CA also defines the 50:50 ratio of the contributions from
industry and academia to ARCNL’s base budget. We think that
this is a wise choice in view of the duality of ARCNL’s mission.
There are three explicit connections’ integrate ARCNL optimally
in the academic arena. With staff members from UvA and VU
serving as ARCNL group leaders, integration between ARCNL
and the two universities is inherent in the construction. By
incorporating ARCNL firmly into the NWO-I structure (formerly
in the FOM institute structure), the center is put on solid
organizational ground, with a natural embedding in the
national organization, support and long-term scientific
strategy. By sharing a scientific effort with AMOLF and sharing
support staff and facilities, a natural long-term partnership
with AMOLF is ensured, while ARCNL itself is kept mean and
lean. In summary, not only the general ‘ARC’-model should be
regarded as a viable, new concept, but the specific way in which
ARCNL has put this new model into practice adds significantly
to this viability.

Relevance for society
The dual mission of ARCNL, fundamental science with an
application perspective, is pervaded by societal relevance. Most
of ARCNL’s principal investigators have joined ARCNL from a
background in which they typically had no direct relation with
ASML or other potential industrial ‘users’ of their knowledge. By
joining ARCNL, they have all embarked upon new research lines,
for which there is much more direct application perspective.
Through their intimate research contacts with ASML, the
ARCNL research groups have become very aware of the
strategic relevance of the academic knowledge that they are
building up and they are becoming increasingly effective in
translating this into ideas for applications that are useful for
ASML. This genuine interest in both science and application is
certainly not restricted to ASML-related applications. It is
rapidly adding a new dimension to the attitude of the PI’s at
ARCNL and creating a training ground for junior scientists and
technicians to engage in ‘science with a (societal) mission’. In
this way, ARCNL will feed society with a new ‘breed’ of
scientists. Some of them will find their way into the Research
and Development & Engineering Departments at ASML or into
comparable R&D units at other high-tech companies. Others
will inherit the entrepreneurial spirit to start their own
company. And those who pursue a career in academia will do so
with a well-trained eye for the application perspective and
opportunities for valorization trajectories together with
commercial partners.
In relation to ASML, knowledge transfer comes in several forms.
Inventions are directly communicated in the form of Invention
Disclosure Forms. After an internal ASML screening, these can
be converted into patent applications. Increasingly, ASML
researchers are finding their way to ARCNL experts for
consultation on specific areas of expertise. This can take the
form of email/telephone contacts or brainstorm sessions. In
some cases, experiments are conducted jointly by ARCNL and
ASML researchers, using ARCNL measurement equipment.
The relation with ASML is not exclusive and collaborations have
already materialized with other industrial partners, such as Carl
Zeiss, Tata Steel and IMEC.
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2D
SWOT-analysis

Strengths

Weaknesses

- Unique position in the international research landscape
and strong appeal to researchers and support staff due
the combination of fundamental research with a clear
application perspective.
- The concept of ARCNL creates strong focus and synergy in
research program and themes.
- Excellent societal relevance due to application-driven
knowledge transfer from ARCNL to ASML.
- Well-designed Cooperation Agreement and efficient
organization, as evidenced by the center’s rapid start.
- State-of-the-art infrastructure and well-equipped
laboratories.
- Excellent embedding and location on the Amsterdam
Science Park, close to partner universities and AMOLF,
facilitating collaboration, providing access to candidate
PhD students and enabling efficient sharing of a research
group and administrative and technical support staff.
- Strong link to the academic partners through (assistant /
associate / full) professorships of ARCNL group leaders at
the partner universities.

- Sub-optimal composition of senior staff because a rather
large part of this staff is works part-time at ARCNL.
- Lack of experience, due to relatively young age of the
research center, limiting the center’s initial impact on the
field of lithography.
- Not yet mature combination of scientific excellence and
practical impact for ASML.
- Potential reduction of scientific impact due to short-term
alignment of ARCNL’s research program to partner ASML.
- Complex governance due to multiple partners with
different time scales, communication styles, interests.
- Imbalance in the number of public partners (3) versus
private partners (1) in the consortium.
- Insufficient level of gender diversity, in particular among
group leaders.

Opportunities

Threats

- By virtue of its unique character, ARCNL can develop
nationally and internationally into a (or even the) leading
center and coordinating hub for nanolithography research.
- The continuation of Moore’s law and the level of
semiconductor technology pose a wide range of academic
challenges ARCNL is uniquely positioned to address.
- The semiconductor industry is growing, opening
opportunities to expand the research portfolio of ARCNL.

- ARCNL has started without a joint list of well-defined and
quantified expectations from all its stakeholders. This may
lead to a situation where ARCNL is perceived by all
stakeholders to underperform.
- When ASML shifts its strategy on a subject, their
appreciation for one or several of the subject areas within
ARCNL may abruptly drop.
- The combination of all complexities linked to ARCNL may
limit the academic attractiveness and thereby limit
ARCNL’s capacity to recruit the best group leaders and the
best PhD students and postdocs.
- There is no certainty concerning the long-term
commitment of ARCNL’s stakeholders beyond the 10 years
of the current agreement.
- The planned relocation of the VU Physics department to
the Amsterdam Science Park has been abandoned. This
renders the collaboration between ARCNL and the VU less
easy than that it would otherwise have been.
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growing and we intend to accelerate this. Through a special
ASML-training for ARCNL personnel we hope to increase the
knowledge at ARCNL on ASML’s products, techniques and
challenges. ARCNL will also initiate several direct
collaborations. ASML-Fellow Prof. Arie den Boef will start an
ARCNL research activity at the VU. ARCNL and ASML are
presently preparing to attract a staff scientist with a joint
ASML-ARCNL appointment, who will head the new research
group on contact dynamics at ARCNL and lead a research
effort on the same subject at ASML. The more intimate
working relations and increased insight in each other’s
research questions that will naturally grow from such
developments will be instrumental in pairing the final stages
of ARCNL’s growth with the maturing stage of the network of
interaction and collaboration between ARCNL and ASML.

2E
Strategic actions in response to the SWOT-analysis
While cherishing and stimulating the above strengths, ARCNL is
taking action to cope with the threats and weaknesses and to
take advantage of the opportunities. This is reflected in the
ARCNL Strategic Plan 2017 – 2022. Here, we draw attention to a
few selected elements.
- As mentioned in Chapter 2A, we are in the process of reinspecting the views of all stakeholders and re-specifying the
mission and goals of ARCNL, as a natural step in the transition
from ARCNL’s startup phase to its steady-state phase. At
present (June 2017), we are in the middle of this
‘recalibration’ process and we expect it to be finalized shortly.
It will result in a new ‘blueprint’ of ARCNL with well-defined
and quantifiable key performance indicators that are
embraced by all stakeholders.
- The recruitment of new senior staff members will give ARCNL
an opportunity not only to improve the balance between
full-time and part-time group leaders but also to pay
attention to the gender balance.
- Some items in the SWOT-analysis relate specifically to the
thematic environment that is brought in by the technology of
ASML, which is under permanent development. This requires
significant perceptiveness, agility and flexibility from ARCNL.
A prerequisite for this is abundant communication between
researchers at ARCNL and the industrial partner ASML. The
intensity and effectiveness of this communication are still

Open House activity,
October 2016
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Sources

Interestingly, with tolerances nowadays already on the scale of
nanometers, this field has naturally ‘slipped’ into the regime of
nano-tribology. This made it natural for Frenken to introduce
his work on tribology into ARCNL’s research program, and to ask
Pavlo Antonov to join him. Antonov had started in 2012 as a
PhD student in Frenken’s research group at Leiden University,
within the Dutch national FOM Program “Fundamental Aspects
of Friction” that had been initiated by Frenken in collaboration
with groups from Delft, Twente, Nijmegen, Groningen, and
Amsterdam. Antonov’s work was dedicated to manipulating
friction on an intermediate scale, between the atomic and the
macroscopic regimes, either using special coatings or applying
special nanostructures on one of the two contacting surfaces,
in the form of a vast, two-dimensional array of nano-pillars.
Antonov had already produced a first generation of nano-pillar
structures in the Kavli Nanolab in Delft and conducted first
nanoscale friction measurements on them in Leiden.

Narrative 2
Slipping and sliding at
ARCNL
Tribology – the science of adhesion, friction, wear, and
lubrication – was absent from the original ARCNL bidbook but
got introduced when Joost Frenken signed up as ARCNL’s
Director. Using nanoscale techniques, related to Atomic Force
Microscopy (AFM), it is possible to ‘feel’ the friction forces
exerted by a single atom at an interface between two solids.
In spite of the seeming simplicity of the single-atom and fewatom configurations that can be investigated in this way, this
research area of nano-tribology is a rich source of inspiration
and surprises with a certain promise of relevance.

After discussions with ASML experts Hans Vermeulen,
Raymond Lafarre and Mahdiar Valefi, modest adjustments
were made to Antonov’s PhD project, in order to align it
optimally with ASML’s interests. Frenken used part of his ERC
Advanced Grant to acquire a Universal Mechanical Tester
(UMT), capable of sensitively measuring lateral and normal
forces between two surfaces during a carefully controlled
sliding trajectory. This instrument enabled a new class of
friction experiments for extended, macroscopic contacts and
on the appropriate scale of sliding distances and of normal
and lateral forces, perfectly matching the requirements of
Antonov’s project.

Friction is recognized more and more as a significant issue in
the context of DUV and EUV lithography. Of particular
importance is the friction between a semiconductor wafer and
the support table on which it is clamped during illumination.
The mere fact that the wafer cannot slide without friction
during the clamping phase, introduces lateral and out-of-plane
distortions in the wafer. These lead to positioning and focusing
errors of the illuminated patterns. As the tolerances are
shrinking steadily, these errors rapidly become problematic.
Another challenge is that the enormous throughput of
semiconductor wafers through a lithography machine, each
wafer being clamped on and released from the same wafer
table, subjects this table to steady wear. This wear is also in
conflict with the shrinking tolerances. Similar problems arise in
the so-called reticle stage, where the masks (containing the
features that are to be transferred onto the wafers) are
clamped and frequently exchanged.

Quickly after the UMT had been installed, Antonov and Valefi
teamed up in joint measurements on the frictional properties
of a special material, known as ‘diamond-like carbon’ (DLC).
In spite of their roughness and hardness, DLC-coatings are
known to act as surprisingly good lubricants in a variety of
applications. On wafer tables, Antonov and Valefi indeed found
that they could significantly reduce the friction experienced by
silicon wafers. In a series of measurements in which various
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Artist impression of the sharp tip of
a Friction Force Microscope sliding
over a graphene layer on a
copper substrate. The adhesion
between the graphene and the
copper is so weak that the
graphene bulges up in front
of the tip, which reduces the
lubricating effect of the
graphene.

types of DLC coatings were compared, the best candidate
coating for wafer-table applications could be identified.

ASML has introduced the DLC coatings in field tests, which
means that wafer tables with these coatings are currently
being tested in practice in lithography machines of ASML’s
customers. Recently, Antonov started as a new employee at
ASML Research in Veldhoven, where he is again involved in
contact, friction and wear studies, but this time fully from the
ASML perspective. Several inventions have been documented
in the form of Invention Disclosure Forms (IDF’s) by Frenken,
Antonov and others at ASML, based on ideas that originate
from this successful ARCNL-ASML collaboration. In the course of
this process, the enthusiasm about tribology research at ARCNL
and ASML has grown so much, that the activity is currently
being expanded at both places, with a significant growth of the
research team in Veldhoven and with the start of a new
research group, dedicated to Contact Dynamics, in Amsterdam.

In parallel, Antonov took the friction experiments to a higher
level by combining them with microscopy and spectroscopy
measurements, in a successful attempt to figure out how DLC
lubrication works on the nanoscale. We now know that the
bare DLC coating exhibits very high friction and that this even
makes some of the highest protrusions on the rough coating
break off. Antonov’s observations contain clear evidence that
the surfaces of all the regions on the DLC coating that remain
in contact with the semiconductor wafer after this initial
“run-in” phase are structurally modified from a diamond-like
configuration to a graphite structure. This renders the DLC
locally into a solid, graphite lubricant with a lubrication
mechanism that is known as superlubricity, a mechanism that
the Frenken group has identified more than a decade ago.
Together with his research on the nano-pillars and with
additional work on the effect of graphene monolayers on
friction, the DLC study forms the heart of the PhD thesis of
Pavlo Antonov.

This example illustrates all elements of a fruitful
collaboration, smoothly sliding into place: mutual inspiration,
joint research, joint inventions, a practical application,
transfer of knowledge and transfer of human capital.
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Chapter 3
PhD program
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ARCNL is still a very young and growing scientific research
center. The first generation of PhD students, who were
recruited as early as the autumn of 2014, is not yet in the
completion stage of their PhD theses. As such, certain aspects
of the current PhD program cannot yet be assessed with
statistical confidence but only on an anecdotal basis.

Chapter 3
PhD PROGRAM

Selection and admission procedure
The process of hiring a PhD student begins with the selection of
résumés received in response to an advertisement placed in
relevant media. A potentially suitable candidate is then invited
to visit ARCNL, to be shown around in the lab, to give a
presentation and to be interviewed. During the interview, not
only the prospective supervisor is present, but also one or more
staff members from other groups who may be less involved in
the proposed research. After the visit, the prospective PhD
student is assessed by the staff members on the basis of the
interview, the presentation and the general impression they
have formed of the student. Based on this assessment, over the
course of a couple of days, the prospective supervisor makes a
final decision and informs the student.

Guidance to the labor market
Since students hired at the start of ARCNL have yet to obtain
their PhD, it’s too early to tell what paths they follow and what
jobs they eventually land after their PhD. However, the close
relationship that ARCNL has with the industrial partner ASML
provides at least one obvious path for PhD students who wish
to pursue a career in industry. Indeed, ARCNL actively supports
this idea and, in collaboration with ASML, organizes one day per
year where all students (MSc. students and PhD students) visit
ASML to get to know the company better. In addition, most
students are actively taking part in frequent joint meetings
between ARCNL research groups and their counterparts at
ASML on various research topics. For ASML the obvious
advantage of hiring students who completed their work at
ARCNL is that the work that they did at ARCNL is immediately
relevant for ASML. Indeed, one student who moved to ARCNL
with a group leader from Leiden and who finished his PhD work
at ARCNL, was immediately hired by ASML after he graduated
(See Narrative 2).

Supervision and quality assurance
All PhD students are supervised by staff members who either
have a simultaneous appointment at UvA or VU, or are
employed by NWO-I. The PhD students themselves are either
employed by UvA or by VU; university policies concerning
planning, progress monitoring and attending courses (for
example, on project planning or scientific integrity) apply.
When a PhD student is hired, a mandatory Training and
Supervision Plan is written, using the forms and format as
provided by the universities. Already in this early stage, in
addition to the principal supervisor, a co-supervisor from a
different group at ARCNL, is also appointed. During the four
years that a PhD is supposed to take, assessments are
performed and documented at least once per year, the precise
frequency depending on the specific employer of the PhD
student. During these assessments, the research plan, the
results and problems and/or difficulties encountered during the
work are evaluated and adjusted if required. In addition, the
supervision plan may be adjusted to accommodate a student’s
request for more supervision. The assessment is also used to
discuss courses that the student may take to increase his/her
effectiveness. Finally, the assessment explicitly allows for
students to evaluate the performance of their supervisors, and
vice versa. A copy of the filled-in assessment forms, signed by
the supervisors and by the PhD student is sent to the employer.

ARCNL’s Independence
celebration. The ties between
ARCNL and AMOLF were
symbolically cut.
Director Joost Frenken shows
the ARCNL-part of the ribbon.

In the case of a conflict between a supervisor and a student or
for other reasons, PhD students and staff members have the
option to turn to an external confidential counselor, currently
Prof. Bela Mulder at AMOLF.

30
ARCNL | Self-evaluation report | 2014-2016

31

Chapter 4
Integrity

ARCNL | Self-evaluation report | 2014-2016

Chapter 4
INTEGRITY

4A
General
ARCNL is embedded in the NWO framework and thereby
automatically follows the NWO integrity policy. The NWO
policy aligns with that of the universities, the Association of
Universities in the Netherlands (VSNU) and the Royal
Netherlands Academy of Arts and Sciences (KNAW). ARCNL’s
research practices thus feature the elements of scrupulousness,
reliability, verifiability, impartiality and independence that are
standard in this policy.
The ARCNL group leaders are responsible for the quality and
integrity of the research of their own groups and the final
responsibility is with the Director of ARCNL. There have been no
cases of scientific misconduct revealed at ARCNL in the
assessment period.

and support personnel is made aware of intellectual property
issues in various additional ways, for example by presentations
about intellectual property, inventions, patents and public
knowledge dissemination that are held from time to time at
ARCNL by an ASML expert in these matters. Third, all ARCNL’s
scientific output is screened by ASML, prior to public
dissemination, in order to spot potential inventions that ASML
might wish to protect via patent applications. Finally, most
promising ideas are already recognized by ARCNL and ASML
employees before the publication stage; they are presented to
ASML for patentability screening via a special Invention
Disclosure Form (IDF). The ARCNL Cooperation Agreement
contains a detailed arrangement for IP matters, which also
safeguards integrity concerning the intellectual support that
ASML acquires through this public-private partnership.

4B
Data storage and management
Group leaders are responsible for the appropriate storage of
scientific data produced in their research groups. Together with
AMOLF, ARCNL is developing a data management plan, which
should be finished in Q3 of 2017. This plan describes how the
institutes will implement the new, general NWO data
management policy. Its implementation will make all scientific
data produced at ARCNL obey the FAIR principle, which means
that the data will be findable, accessible, interoperable, and
replicable. Raw data as well as published results will be
available for third parties to check their authenticity and the
appropriateness of the applied methodologies. Care will be
taken that this accessibility will be provided in such a way that
it does not lead to conflicts with respect to ARCNL’s Intellectual
Property policy (see Chapter 4C).

First ARCNL staff meeting.
From left to right: Kjeld
Eikema, Paul Planken, Fred
Brouwer, Bart van Leijen
(AMOLF), Joost Frenken,
Wim Ubachs, the two
quarter makers Emile
van der Drift and
Joris van Bergen,
Albert Polman
(AMOLF), Ronnie
Hoekstra and
Stefan Witte.

4C
Intellectual Property policy
Of special importance in view of ARCNL’s mission is the aspect
of intellectual property rights and integrity with respect to
industrial knowledge. As a consequence of ARCNL’s intimate
ties with ASML, ARCNL employees are frequently exposed to
proprietary, technological knowledge of ASML. This is essential
for ARCNL in order to be able to judge the practical impact that
may be associated with different research subjects and thus
arrive at a research portfolio that optimally combines scientific
and application relevance. Such a complete exposure to
industrial knowledge is unusual in an academic environment
and requires attention. First of all, all ARCNL employees,
whether formally associated with NWO or with one of the
Amsterdam universities, sign a Non-Disclosure Agreement
(NDA) at the start of their work at ARCNL. Second, all research
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Chapter 5
Diversity
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ARCNL has been quick in attracting the attention of the
scientific community, not only in The Netherlands, but also
worldwide. As a result, the number of applications from abroad
for scientific positions within ARCNL is substantial. From the
very start, this has led to a significant ethnic diversity at ARCNL,
in particular in the population of PhD students and postdocs.
Of these junior researchers 26% is Dutch, 43% is non-Dutch
European, and 31% is non-European (status on 31 December
2016). ARCNL started with a fully Dutch senior staff.
Diversification of the senior staff proceeds mainly via the new
recruits on tenure-track positions.

Chapter 5
DIVERSITY

ARCNL wishes to improve the gender balance within the
research center. The percentage of female scientists within
ARCNL is low (16%) and among the senior staff members even
lower (9%). By starting with a large part of its senior staff from
the two Amsterdam universities, ARCNL in a sense ‘‘inherited’’
the universities’ gender imbalance. Even though the situation is
improving in the student population, female scientists are still
under-represented in the physics community worldwide and
even more strongly in The Netherlands. Towards addressing
this issue, ARCNL participates in NWO’s Women In Science Excel
(WISE) program. This program provides talented female
scientists with an opportunity to develop or expand their own
research group at one of NWO’s institutes. Furthermore, for
open staff positions, ARCNL actively scouts in its own network
for talented women and makes use of the database of the
Dutch Network of Women Professors (LNVH).

Narrative 3
Metrology research at
ARCNL
The bidbook that formed the basis for ARCNL’s original scientific
plans was mostly focused on EUV source research. However, it
was soon realized by both ARCNL and ASML that several other
research areas provide great opportunities within the scope of
ARCNL. One of those research areas is metrology and imaging
of nanostructures: this is a field that provides many significant
scientific challenges with direct application perspective for
the semiconductor industry. Below we describe some of the
exciting developments in three areas of metrology research at
ARCNL: lensless imaging, pump-probe subsurface metrology,
and high-harmonic generation (HHG).

Illustration of the concept of lensless imaging
of a complex 3D nanostructure.

Within a year from the start of ARCNL, project funding to
an amount of over 2 million Euro was acquired through a
prestigious ERC Starting Grant (Witte, 1.5 M€), and an
STW-HTSM project (Witte and Eikema, 0.7 M€). This latter
project is centered on the development of fast lensless imaging
technology for surface inspection and metrology, and is a
collaboration with ASML and Tata Steel. This project is a good
example of the versatility of such technology development,
attracting attention and support of two high-tech multinational companies with very different scopes and fields of use.
It also marked the first collaboration of ARCNL with a company
other than ASML. The potential and broad scope of lensless
imaging technology is also illustrated by the fact that (in preARCNL times) Witte and Eikema led a FOM-funded valorization
project (50 k€) on
compact lensless
microscope development
for live cell imaging
applications, in
collaboration with the
VU-based startup
company Optics11.

Lensless imaging
The PIs from the EUV Generation and Imaging group (Stefan
Witte and Kjeld Eikema) already had a strong background in
imaging and metrology, specifically in the area of lensless
imaging with table-top EUV sources. Discussions with Arie den
Boef (ASML Research fellow) quickly led to a recognition of the
promise of this type of research for ASML, and the decision was
made to incorporate this research project as an integral part
of ARCNL’s activities. Although the initial (pre-ARCNL) focus of
the lensless imaging projects was on biological imaging
applications, the technology development itself was equally
applicable to semiconductor metrology applications, allowing
a change of focus towards such applications.
Lensless imaging is an approach to microscopy in which,
instead of using physical lenses to project an image of an object
onto a camera, a coherent diffraction pattern of a laser beam
that scattered from the object is recorded instead. From this
diffraction pattern, an image of the object can then be
reconstructed through numerical algorithms. Although this
approach may seem counterintuitive, it is rapidly gaining
traction as researchers are becoming aware of its huge
potential. As the physics of light propagation is well-known,
accurate models can be set up that allow diffraction-limited
image reconstruction of complex objects, even when using
wavelengths for which high-quality lenses are challenging to
produce (such as soft-X-rays). Furthermore, amplitude and
phase information can be retrieved simultaneously, enabling
the development of very flexible yet highly compact
microscopes.
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The ‘Senza’ lensless microscope by Optics11,
based on an imaging concept from Witte
and Eikema (size ~4x4x8 cm)
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Professor Metrology and Nanolithography at the VU, where he
will set up research towards the development of computational
imaging methods for wafer metrology applications.

Presently, there are five PhD students involved in the lensless
imaging projects (Matthijs Jansen, Dirk Boonzajer Flaes, Mengqi
Du, Anne de Beurs, and Xiaomeng Liu). One postdoctoral
researcher (Denis Rudolf) has recently finished, while one more
postdoc vacancy is yet to be filled. This first generation of
researchers has so far invested heavily in building the required
infrastructure for demanding experiments. Besides one peerreviewed publication so far, this has mainly led to a fully
functioning lab with state-of-the-art setups and excellent
experimental capabilities. An important experimental
achievement is the development of a high-harmonic generation
(HHG) source, producing fully coherent EUV beams in the
wavelength range of 17-60 nm, while allowing to perform
highly stable interferometry and spectroscopy using EUV pulse
pairs. Furthermore, a lensless imaging system has been
developed that, in combination with this HHG source, can
provide spectrally resolved imaging over the full source spectral
bandwidth. Another experimental effort, based on lensless
imaging with visible-light supercontinuum sources, is aimed at
demonstrating fully 3D lensless microscopy. At present, many
experiments are being performed and analyzed, which is
expected to lead to a steady stream of publications in the near
future.

Pump-probe subsurface metrology
In addition to soft-X-ray metrology with HHG sources, another
research topic that was identified as highly interesting both
scientifically and technologically concerns pump-probe
subsurface metrology. Here, the aim is to find optical methods
to probe structures through layers of fully opaque materials.
The concept is that the interaction of an intense optical pulse
with an opaque material can result in a response inside that
material, such as an acoustic wave, which (contrary to the light
pulse) does have the ability to propagate through the material
and probe features below the layer. An additional challenge is
to subsequently detect such a material response, using a
delayed light pulse.

In the meantime, an active collaboration with ASML has been
established to ensure that the research activities remain well
aligned with industry interests in addition to the scientific
goals. This approach has led to an exchange of ideas and open
communication with ASML researchers, and has enabled ARCNL
to identify several opportunities for patenting relevant ideas.
At present, five ARCNL inventions have been turned into patent
applications, three of which jointly with inventors from ASML.

High-harmonic generation
Within the metrology program, but also within the photoresists
and spectroscopy research at ARCNL, the realization was that
HHG sources are the tool of choice for their respective research
activities. As such, there appeared a broad need for a HHG
source able to cover the requirements of all ARCNL groups in
terms of power, spectral range, beam properties and time
resolution. It was therefore decided to establish a HHG facility
that pushes the boundaries of coherent table-top soft-X-ray
sources. This source will be based on state-of-the-art pump
laser technology that has recently become commercially
available, driving an optical parametric chirped pulse amplifier
(OPCPA) that will be constructed in-house. This activity will be
led by a new tenure track group leader, and will place ARCNL at
the forefront of EUV and soft-X-ray research for
nanolithography.

After the start of the project, the first experimental results
were obtained within a year, paving the way for further
research. At present, we have one fully functioning experiment
that is capable of producing and detecting high-frequency
acoustic waves travelling through layers of different opaque
materials such as metals. In addition, we are developing
physical models to understand the observed signals and are
setting up simulation code to quantitatively explain the
experimental results. This effort is aimed at developing models
with predictive power, to be able to design experiments more
efficiently and to enable feasibility studies for complex
geometries.

In conclusion, the metrology program has developed into
an active and substantial activity within ARCNL, which
is generally perceived as promising and well-positioned
to address both scientific and technological challenges
with direct application perspective. With focus gradually
shifting from developing capabilities towards performing
experiments, the program can be expected to lead to
high-value scientific results in the near future.

Also in this project, close collaboration with ASML has been
sought to ensure good alignment with industrial needs. Again,
the approach of open and regular communication has resulted
in the identification of valuable concepts and ideas, and has led
to two patent applications so far, both jointly with researchers
from ASML. In addition, several more ideas are currently being
assessed for potential patent applications.

The ARCNL activities described above have sparked increasing
interest in the subject of computational and lensless imaging
methods at both VU and ASML. This has led to the recent
appointment of Dr. Arie den Boef from ASML as Endowed

Illustration of the concept of pump-probe metrology for the
detection of a grating below an opaque metal layer.

40
ARCNL | Self-evaluation report | 2014-2016

Within ARCNL, the EUV Generation and Imaging group and the
EUV Targets group (headed by Paul Planken) joined forces and
started a research project on pump-probe metrology. Planken is
a renowned expert in ultrafast pump-probe experiments, nearfield optics and light-matter interaction, as is evident from his
recent election as Fellow of the Optical Society of America.
Together with the ultrafast lasers and diffractive imaging
expertise from the Witte group, a solid foundation is present to
commence these complex experiments. The project started
with experiments being built up by two PhD students
(Alessandro Antoncecchi and Stephen Edward), and the team
has since been strengthened by the addition of a postdoc (Hao
Zhang) and a third PhD student (Vanessa Verrina).
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Appendix A
TABLES

Table 2. ARCNL financing structure
This table shows how ARCNL’s financing structure has evolved.

Table 1. Composition of ARCNL; research and support staff
The table shows the number of people (#) and the number of full-time equivalents (fte) on the indicated dates.

research unit
group leaders
postdocs
PhD students
research technicians
Total research staff
Support staff ARCNL
Support staff AMOLF*
Visting fellows
Total staff

#

Jan 2014
fte

#

Dec 2014
fte

#

Dec 2015
fte

#

Dec 2016
fte

1
0
0
0
1
0
0
0
1

0,5
0
0
0
0,5
0
0
0
0,5

7
3
7
2
19
3
10
0
32

4,3
3
7
1,9
16,2
3
9
0
28,1

9
7
19
6
41
5
14
5
65,0

6,3
7
17,7
5,9
36,9
4
13
4,5
58,4

11
8
28
6
53
4
17
8,0
82,0

7,5
8
26,7
5,9
48,1
3,5
16,2
7,2
75,0

* From 2014 onwards, additional support personnel is hired by AMOLF to provide ARCNL with technical and administrative support.

research unit
Funding*
Direct funding
Research grants
Other
Total funding
Expenditure
Personnel cost**
Other cost
Total expenditure

fte*

2014
%

fte

2015
%

fte

2016
%

6,4
0
1,2
7,6

84%
0%
16%
100%

25,1
5,8
2,0
32,9

76%
18%
6%
100%

37,2
6,7
2,2
46,0

81%
14%
5%
100%

k€
1,347
780
2,127

%
63%
37%
100%

k€
3,127
2,787
5,914

%
53%
47%
100%

k€
4,238
3,334
7,572

%
52%
44%
100%

* fte’s AMOLF support not included
**Including support AMOLF and costs for advisors
2014: support AMOLF 380 keuro and advisors 200 keuro
2015: support AMOLF 770 keuro
2016: support AMOLF 913 keuro
The way the expenditure of ARCNL is presented might give a biased view. Investment costs for terrain renovation, temporary
housing and scientific infrastructure will be capitalized and written off over a ten-year period according to the general regulations
of FOM / NWO for these types of investments.

Table 3. Investments ARCNL 2014 - 2016
In Table 3, an overview of the investments (housing and scientific equipment) in the first three years of ARCNL is given.

Investments (k€)
Renovation terrain and lab-building
Temporary office building
Scientific equipment
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2014
2.216
813
372

2015
329
0
3.435

45

2016
0
0
1.595

enrolment

success rates
enrolment
male
female
1
0
0
0

starting year
2012
2013

In addition to the indicators listed in Table 5, the Standard
Evaluation Protocol (SEP) 2015-2021 also refers to indicators
that are developed by NWO’s Institutes Knowledge Utilisation
Platform (in Dutch: IPKB). These indicators were established by
the institutes of NWO and can be used to report on activities
in the areas of valorization, knowledge utilization and so on.
Below we evaluated the performance of ARCNL along the lines
of these indicators.

Appendix B
IPKB indicators

Table 4. Enrolment of PhD-students

total
M+F
1
0

not yet finished
1*
0

discontinued
0
0

start of ARCNL
2014
2015
2016

4
10
8

2
2
1

6
12
9

6
12
9

0
0
0

total

23

5

28

28

0

1. Strategic partnerships with public, societal and/or private
partners.
Collaboration between NWO, UvA, VU, and ASML is at the core
of ARCNL:
- Within the context of NWO-I, ARCNL plays a constructive role
in the Dutch research landscape. For example, ARCNL has
actively participated in the strategic discussions that started
at the end of 2014 on the new structure of NWO.
- ARCNL collaborates with NWO institute AMOLF both via the
joint AMOLF-ARCNL research group and via the joint support
structure (HR, PR, ICT, Electronics, Mechanical Engineering,
Workshop, Cleanroom).
- The entanglement with UvA and VU is maximized through
the in-kind nature of the universities’ contributions to ARCNL.
With senior staff members and several of the PhD students
and postdocs employed via UvA and/or VU, ARCNL has an
intricate network of research contacts at the physics and
chemistry departments of the two universities. ARCNL also
contributes to the universities’ joint teaching program.
- Alignment with ASML’s interests is essential for ARCNL’s
research program and leads to a large number of project-byproject research contacts between ARCNL and ASML. These
collaborations lead to the generation and transfer of
knowledge and intellectual property.

*The first ARCNL PhD student started his project at Leiden University in 2012 and transferred to ARCNL in 2014. His graduation is
planned for the autumn of 2017.

Table 5. Selected output indicators
Quality Domains
Research quality

Assessment Dimensions

Demonstrable 1.
products
a
b
c
d

Relevance to society

Research products for peers

4. Research products for societal target groups

Build-up of research center
Peer-reviewed publications
PhD theses / dissertations
Organization of scientific meetings

a
b
c
d

Demonstrable use 2. Use of research products by peers
of products
a Citations
b Use of datasets

Demonstrable marks 3. Marks of recognition from peers
of recognition
a Scientific honors and awards
b Individual research grants

Additional collaborations, outside the tight circle of founding
partners, exist on a project-by-project basis, e.g. with Groningen
University, Leiden University, Eindhoven University of Technology and Tata Steel.

5. Use of research products by societal groups

2. Number of research facilities, software packages and
databases available for use by third parties + user
registration.
Even though ARCNL is not set up as a facility and has to be
restrictive in granting external parties access to its ongoing
research, ARCNL is certainly not run as a closed fortress.
Researchers from ASML and AMOLF find their way to
instruments at ARCNL, such as the AFM and UMT-setups. Other
parties are typically accommodated only in the context of a
collaboration with ARCNL researchers. The same goes for the
accessibility of experimental data. For example, experimental
details on the evolving shape of tin droplets and on the
spectroscopy of highly charged tin ions are shared with
researchers from the Keldysh Institute (Moscow), from ISAN
(Troitsk) and from the University of New South Wales (Sydney)
in a joint project to provide a solid theoretical understanding of
ARCNL’s experimental results.

a Patent applications and IDFs
b Collaborative projects with industry

6. Marks of recognition by societal groups
a Direct support to base budget
b Additional support
c Matching support
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Outreach
Media (non-scientific)
Infrastructure initiative
Teaching
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3. Number of new start-ups / spin-offs.
Group leaders of ARCNL have been involved as initiators or
co-founders of several start-up and spin-off companies in
earlier stages of their careers. In 2012, the first year of the
reporting period, but before the start of ARCNL, Joost Frenken
initiated and co-founded the company Applied Nanolayers BV
(ANL), specialized in the large-scale production of high-quality
graphene and other monolayer materials.

9. Absolute and relative size of research funding from third
parties.
One of the defining elements in the organizational setup of
ARCNL is that a significant fraction of its annual budget is
provided in the form of a cash contribution by the company
ASML. As of 2016, this contribution has been at its full size
of M€ 3.5 per year, which amounts from 35% to 50% of ARCNL’s
total annual budget, depending on the amount of additionally
acquired external funding. This contribution has been
guaranteed together with those from NWO, UvA and VU, for a
total period of ten years, starting 1 January, 2014. Furthermore,
ARCNL also receives funding from M2i and TATA-steel within
the framework of a STW-HTSM project. This is a relative small
fraction of the total budget (<5%).

4. Shared appointments of personnel with universities as well
with public organizations / companies / spin-offs.
A large fraction of the senior staff of ARCNL have an
appointment as full or junior professor at a university, in
particular UvA and VU: Wim Ubachs (VU), Ronnie Hoekstra
(VU and Groningen University), Kjeld Eikema (VU), Stefan Witte
(VU), Paul Planken (UvA), Fred Brouwer (UvA), Jan van Dijk
(UvA and Eindhoven University of Technology), Joost Frenken
(UvA, VU and Leiden University).

Appendix C
Composition of the ARCNL Scientific Advisory Committee
Member

2014

2015

2016

Prof. Marc Vrakking (chairman)
Max Born Institute, Germany

x

x

x

Prof. Petra Rudolf
Groningen University, the Netherlands

x

x

x

Dr. An Steegen
IMEC, Belgium

x

Dr. Geert Vandenberghe (replacing A. Steegen)
IMEC, Belgium

x

5. Joint publications with non-scientific stakeholders.
ARCNL published 3 publications in the reported period of which
1 is co-authored by an ASML researcher.

Dr. Danielo de Simone (replacing A. Steegen)
IMEC, Belgium
Prof. Ahmed Hassanein
Purdue University, USA

x

x

x

6. Targeted communication products (marketing
communication): aimed at specific societal or private
parties or target groups.
ARCNL has been very active in advertising its unconventional
mission and character in the form of presentations for a variety
of target groups, such as scientific colleagues, both in The
Netherlands and abroad, students, entrepreneurs, science
policy makers and politicians, and laymen. In addition to
presentations, appearances in meetings (including the
Hannover Messe) and our annual Open House for the general
public, we organize separate, special meetings at ARCNL for
ASML-researchers, for potential candidates for MSc internships
and PhD student positions (Meet-Up@ARCNL), provide a
targeted teaching contribution at UvA and VU and act as the
organizer and venue for selected workshops that serve to make
ARCNL and its researchers visible in the corresponding scientific
communities.

Prof. Jom Luiten
Eindhoven University of Technology, the Netherlands

x

x

x

Prof. Henri Werij
TNO, the Netherlands

x

x

x

Prof. Albert Polman
AMOLF, the Netherlands

x

x

Prof. Wim van der Zande
ASML, the Netherlands

x

x

x

Prof. Willem Vos
Twente University, the Netherlands

x

x

Prof. Andries Meijerink
Utrecht University, the Netherlands

x

x

7. Data about outflow of personnel: number of employees
left for industry / academia / elsewhere.
In the period 2014 – 2016, five employees of ARCNL left:
four post-doctoral researchers and ARCNL’s first Manager of
Operations. Two (50%) of the post-doctoral researchers
presently work in an academic setting and two are working in
a company (50%). The Manager of Operations was recruited as
the so-called Transition Manager for NWO.
8. Number of registered patents and licences.
7 patent applications; all ARCNL partners are joint owners
of these patent applications.
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Fragmenting tin droplet several
microseconds after impact of an
intense Nd:YAG laser pulse.

