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Preface

The Smart Optics Systems (SOS) program started under tmsaship by the Dutch National Sci-
ence Foundation STW in 2008. It aims at making the use of ajpt@mponents, such as deformable
mirrors, wavefront sensors, etc. acceptable on a wide triduscale. The program aims at achieving
this goal in two ways. First, it aims at developing techngldgr a dramatic improvement in the
quality of optical instruments. Second, it will result in emnand optimized integrated design that
will allow for true integration of smart optics into the neggneration of imaging equipment.

In such integrated design approach, taking into consiter&tom the onset of the design of the
imaging equipment the capabilities of e.g. feedback cohizs the potential of revolutionizing the
overall design. Such integrated approach may lead to sitmi&akthroughs as was manifested in the
last century by the development of operational amplifiene-eedback control enabled the produc-
tion of high performance components from low quality and tmst physical open-loop components.

In addition to the methodological improvement anticipaigdhe program, the goal of integration
and stimulating multidisciplinary research is pursuedvay organizational manners. First there is the
definition of six multi-disciplinary research projects wheesearchers with a different technological
expertise work intensively together on a common imagingatestrator. A second way to dissemi-
nate the knowledge and the experience between the resesaechigely involved in the program on
one hand and between these researchers and external expents other hand is enabled by the
organization of program meetings on an annual basis.

These proceedings presents the activity report of the skeaonual meeting of the Smart Optics
Systems STW perspective Program. In the proceedings tlyggga® on the following six projects is
reported:

Integrated High-resolution Observing through Turbaken

Smart Microscopy of Biological Tissues

Integrated Smart Microscopy

Waveguide-based External Cavity Semiconductor Laser

Smart Multilayer Interactive Optics for Lithography atttEeme UV wavelengths

L O o

Image Manipulation for Wafer Plane Conformity in Opticahography Systems

For the second annual meeting we are proud to announce thabd@nuel Bucourt &S CFO
of Imagine Optics will give a keynote presentation’émagine Optic: story and success; Adaptive
optics in France: overview”

For this second annual meeting we have foreseen a full expadiall running projects. Since
most of these projects are in their second year, interestaginnovative results will be presented.
This means that also the temporary researchers have reacthegree of maturity so that we can
expect interesting discussion that will stimulate intéacand cross-fertilization.

The program as a whole has been presented at differentdacafine was the recent Workshop
on Adaptive Optics in Industry and Medicine in Murcia, Spalane 2011. A copy of that keynote
presentation is enclosed in the appendix.

The second annual meeting is held in Delft on September 22tt1,.



On behalf of the organization committee, | can indicate Watook forward towards an interest-
ing day of discussion, exchange of ideas and stimulatioartdsvfuture new and bright ideas.

Prof. Michel Verhaegen
Program Leader SOS
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Program

Morning sessions

Time: Project: Speaker:

8.30 Welcome with coffee/thee

9.00 Opening of the day Prof. Michel Verhaegen
Keynote lecture

9.05 Imagine Optic: story and success; Dr. Samuel Bucourt
Adaptive optics in France: overview CEO Imagine Optic

Project: Integrated Smart Microscopy

10.00 All-in-focus wide field microscopy using time-avaeag Darko Simonovic
shaping of point spread function

10.30 Correction of Coverslip Mismatch via Image Quality Meas Hans Yoo

11.00 Coffee/Tea break

Project: Smart Microscopy Biological Tissues

11.15 Smart microscopy — Phase-shifting interferometric im fan Werkhoven
wavefront sensing

11.45 Data driven identification and aberration correction Jacopo Antonello
for model based sensorless adaptive optics

12.15 Lunch




Afternoon sessions

Time: Project: Speaker:

Project: Integrated High-Res. Observation through Turbulence

13.15 Joint optimization of phase-diversity and adaptive isa\Korkiakoski
optics: demonstration of potential

13.45 Bilinear phase diversity for extended objects Ralucaréin

Project: Image Manipulation for Wafer Plane Conformity in Optical Lithography Systems

14.15 Deterministic Reticle Clamping Geert-Jan Naaijkens

14.45 Mode shape excitation measurement with sub-nanométihan Vogel
precision

15.15 Distributed control of wafer deformations in Ruxaniliagstata
photolithography systems

15.45 Coffee/Tea break

Project: Smart Multilayer Interactive Optics for Lithography at Extreme UV wavelengths

16.00 Reflectance Tuning at Extreme Ultraviolet WavelengthBluharrem Bayraktar
with Active Multilayer Mirrors

Project: Waveguide-based External Cavity Semiconductor Laser arrays

16.30 Waveguide-based External Cavity Semiconductor sas&uud Oldenbeuving

17.00 Model-based wavelength estimation with tunablercolo Michel Verhaegen
filter and single photodiode

17.30 Announcements

17.45 Drinks







Keynote lecture

Samuel Bucourt
Imagine Optic: story and success — Adaptive optics in
France: overview

Dr. Samuel Bucourt

President and CEO

Imagine Optic

18 rue Charles de Gaulle

Orsay France 91400

+33(0)1 64 86 15 60

sbucourt @ nagi ne- opti c. com
http://ww. i magi ne-optic.com

Soon after his first experience as an engineer at Le Conos&apajel Bucourt became an en-
trepreneur, co-founding Imagine Optic in association i#vier Levecq in 1996. In the five short
years following the debut of their endeavor, their compaay &lready become an international leader
as a provider of optical wavefront sensors. Samuel brinld egpertise in corporate management
to Imagine Eyes including sales-force organization, fieastrategic and business development, and
growth management.

Imagine Optic is one of the world’s leading providers of Shack-Hartmanwefant sensing hard-
ware and software, adaptive optics technologies and mioiesl services in applied optics. Imagine
Optic works with scientists and industrials in domainsunithg pure science, industrial quality con-
trol, space and defense, semiconductors and many otherse $996, Imagine Optic has been sup-
plying industry leaders around the world with the high-dfygdroducts and services that they need to
perform.

From X-EUV, through the visible light spectrum and on to Nikeér infra-red), Imagine Optic
develops, manufactures, distributes and supports thedargnge of wavefront measurement and
correction technologies available.


sbucourt@imagine-optic.com
http://www.imagine-optic.com

Integrated Smart Microscopy

Applicants:  Prof. Paddy French (TU Delft) (project leader)
Dr. Gleb Vdovin (TU Delft / Flexible Optical BV)
Prof. Michel Verhaegen (TU Delft)
Prof. Lina Sarro (TU Delft)
Dr. Georg Schitter (TU Delft)
Prof. Wiro Niessen (TU Delft / Erasmus MC, Rotterdam)
Dr. Erik Meijering (Erasmus MC, Rotterdam)
Dr. Adriaan Houtsmuller (Erasmus MC, Rotterdam)
Dr. Gert van Cappellen (Erasmus MC, Rotterdam)

Researchers: Dr. Martin van Royen (Erasmus MC, Rotterdam)
Dr. Ihor Smal (Erasmus MC, Rotterdam)
Hans Yoo (TU Delft)

Budget: 1000&

Project outline

Optical microscopy and fluorescent labeling technologaseigone through impressive progress in
the past decades and have provided powerful instrumentsidanedical research. Especially the
availability of a large variety of fluorescent proteins,limting photoactivatable and -switchable mu-
tants, has revolutionized live cell imaging. Quantitatirgestigation of the molecular mechanisms
responsible for normal biological function of living celid organisms, but also aberrant processes
in diseases such as cancer, Alzheimer’s, and Parkinseqgjres very precise localization of active
factors inside subcellular organelles, as well as the &trea@nd dynamics of active chromatin sites
inside the cell nucleus. For such studies, the resolutiaroofmercially available optical (confocal)
microscopy systems is a very limiting factor. In a practietting, the loss of performance compared
to theoretical values is largely due to the mismatch betvtberrefractive index of the specimen.
Especially in a confocal setup, this mismatch increases wireasing depth of penetration into the
specimen. Microscope systems available today are gepndradied on fixed optical setups, and are
unable to correct for dynamic, higher-order wavefront edt@rns due to distortions in the optical
path, or manufacturing inaccuracies. Smart optics andalsstems have a high potential to serve
as enabling technologies to address this problem. Thexetfoe aim of this multidisciplinary project
is to develop and evaluate an integrated smart confocalostoppe for live cell imaging, which
combines adaptive optics in the imaging path with adaptostgrocessing of the resulting 3D image
data. This requires optical systems research (design aegration of adaptive optics components),
control systems research (real-time control for improvehsing, active compensation, and adaptive
optics), image processing research (adaptive filteringpuoheolution, detection, and tracking), and
biomedical research (evaluation of the new system by agipbic to biomedically relevant problems).
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All-in-focus wide field microscopy using time-avarage

Darko Simonovic

Delft University of Technology

Electronic Instrumentation

Mekelweg 4, 2628 CD, Delft, The Netherlands
d. si nonovi c@udel ft. nl

Abstract

Depth of focus in fluorescence and bright field imaging iseotésl by designing point spread function
(PSF) to be independent anposition. Its advantage overstacking based methods is that single
image is sufficient to reconstruct all-in-focus image. Himmilar to method used in wavefront coding,
but without limitations imposed by using complex phase rsd&k

Method is based on averaging PSF/image evenge of interest. In this work averaging/integrating
is performed by scanningstage during single frame acquisition.

Average image intensity distribution is processed by dealortion with corresponding 2D PSF.
Measured 2D PSF is reconstructed from fluorescence beadgima this way aberration in the
optical system are corrected for, as well as some of the isig@coverglass/sample aberrations. For
theoretical 2D PSF, Fourier transform does not have zeroghwneans that no information is lost.

Deconvolution is done in Fourier domain using Wiener filtéthvadjustable noise variance. De-
convolution can be performed in real time for 1 Megapixel g@s and computational time scales
same as with Fast Fourier Transform. For high signal to n@ise, sub-diffraction resolution image
IS reconstructed.

Additional benefit of this method is that simultaneously imgve-stage and-stage creates ap-
parent rotation of the sample. "Rotated” 2D PSF will differ &ach angle, and can be reconstructed
from 3D PSF (real or theoretical).

Method is best suited for transparent samples. Also it caapipdied for imaging opaque objects
and surfaces, at the price of losing exactness (c.f! Fig. 1).

'_| 300 nm '_| 300 nm

Figure 1. Wide field raw image of fluorescent bead (left) andgmafter reconstruction (right).


d.simonovic@tudelft.nl

Bibliography

[1] E. R. Dowski, Jr., W. T. Cathey, Extended depth of field tlglowave-front codingApplied
Optics Vol. 34, No. 11, 1995.

Correction of Coverslip Mismatch via Image Quality Mea-
sures

Han Woong Yoo and Michel Verhaegen

Delft University of Technology, Delft Center for Systems aantrol, Mekelweg 2

2628 CD, Delft, The Netherlands, w. yoo@ udel ft. nl andm ver haegen@ udel ft. nl
Georg Schitter

Vienna University of Technology, Automation and Controltinge

Gusshausstr. 27-29,1040 Vienna, Austsiahi t t er @ci n. t uwi en. ac. at

Abstract

Coverslip, also called coverglass, is a thin transparené ptafix a specimen to microscope slides
and protect the specimen from damages caused by exposupeaien such as dehydration and
collision with other materials. For water immersion objees with high numerical aperture, the
thickness variation of coverslip is one of the major souiespherical aberration and can degrade
microscope images as Figure 2. To cope with this aberrafimhsced by coverslip, microscope
manufacturers provide a coverslip correction ring in otyec It is, however, not easy and convenient
for users to coincide the optimal correction because of @tise manual manipulation and subjective
correction quality measures depending on users.

(a) aboutl54m mismatch from (b) After correction
optimal

Figure 2: Confocal microscopy images of green fluorescerteprayed microtubules, which have
25 nm diameter cylindrical structures. The left image ietalvith approximately 1%m coverslip
thickness mismatch and the right image is the correctederbgdhe coverslip correction ring. Spec-
imen is provided by Martin E. van Royen, Erasmus MC, and medduyd eica SP5x40 1.1NA
water immersion objective.

In this presentation, a model based coverslip mismatchection is proposed based on image
guality measures. The model of the coverslip reflection r&vdd for the image quality calculation
in ideal case. Using the image quality measures of ideal agalsored axial images, the current
mismatch between actual coverslip thickness and correding position are estimated in nonlinear
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least square manner and applied as an actuation signal.imib&gon results based on experiment
data illustrate the fast convergence of the proposed dfgpori



Smart Microscopy of Biological Tissues

Applicants:  Prof. Hans Gerritsen (Utrecht University)dqject leader)
Prof. Christoph Keller (Utrecht University)
Prof. Michel Verhaegen (TU Delft)

Researchers: Tim van Werkhoven
Jacopo Antonello
H.H. Truong

Budget: 916k

Project outline

Microscopy has become increasingly more important in Ilgigial and biomedical work. This is to
a great extent due to the development of advanced imagingoaetsuch as confocal microscopy
and multi-photon excitation microscopy that provide 3-Caging in (optically thick) specimens. At
present, multi-photon excitation microscopy is the teghbei of choice for high-resolution in-vivo
imaging. Unfortunately, the use of these techniques i®ssly hampered by specimen-induced aber-
rations that result in reduced depth penetration, lossatfapesolution, and increased phototoxicity.

Current implementations of adaptive optics (AO) providedewice that AO can significantly im-
prove image quality, depth penetration, and spatial réisolwhile reducing phototoxicity in scan-
ning microscopy. However, severe speed limitations retiaam impractical for real-life applications.
Here, we will focus on the development of fast, active conspéion methods for specimen-induced
wavefront aberrations. High compensation speeds will bézexdd by using adaptive optics in com-
bination with smart predictive algorithms that take inte@ant all system properties including the
scanning nature of the acquisition, the dynamic propedfabe deformable mirror based AO and
the nature of the optical optimization. To realize the ab@aoademic experts in the area of advanced
microscopy (Molecular Biophysics group), adaptive optiEggderimental Astrophysics group) and
advanced control systems (Delft Center for Systems and Apwtitbclosely collaborate. The team
is further strengthened by the involvement of relevant gtdal partners.

The method will be validated in tissue imaging experimentsuding in-vivo imaging of skin,
in-vivo tumour mouse models and isolated arteries. Theratrt of the project will be carried out
in collaboration with (bio)medical groups.
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Smart microscopy
Phase-shifting interferometric wavefront sensing

Tim van Werkhoven

Utrecht University

Sterrekundig Instituut Utrecht

Princetonplein 5, 3584 CC, Utrecht, The Netherlands
t.i.mvanwer khoven@str o- uu. nl

Introduction

Microscopy — especially confocal- and two-photon micrgsce has become increasingly more im-
portant in biological and biomedical work. Unfortunatellye use of these techniques in in-depth
imaging is seriously hampered by specimen-induced ali@nsat Current implementations of adap-
tive optics (AO) provide evidence that AO can significanthprove image quality, depth penetration,
and spatial resolution while reducing phototoxicity inmaegg microscopy. However, severe speed
limitations render them impractical for real-life appliicas.

We are developing a method to apply a fast, active compemstttithe specimen-induced wave-
front aberrations. We will combine adaptive optics with sipaedictive algorithms to take into ac-
count all system properties such as the scanning behavioutymnamic properties of the deformable
mirror.

Method

The backscatter from the microscope objective using a edioreal Shack-Hartmann wavefront sen-
sor resulted in too much noise. Instead, we are now atteminse a phase-shifting interferometric
method to measure the wavefront aberration due to the tissue

wrs QD @ o

. A
MNIR Laser ﬁ > -I. r@ Dichroic BS
A

50/50 BS
A . Sample

Reference

Figure 3: Schematic of the proposed wavefront-sensing edetffhe reference beam is interfered
onto the WFS with the infrared beam scattering back from thg$éa The visible light science beam
is split and recorded by a PMT.

Because we are using a 140-fs pulsed laser, the interferemmeesoonly when the path length
of the two beams are similar to within approximately;48. By recording multiple images with
different phase delays, we can reconstruct the wavefrapestvhile simultaneously discarding light
that is not from within this 4@m focal depth.
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Discussion

The phase shifting can be achieved temporally by changmgaith length of the reference beam, or
spatially by splitting the beam in four and applying a phaskaylto each of the beams separately.

The former setup, while optically simpler, is more pronawstabilities that change the path length
differences (vibrations, internal seeing). Therefore weeaurrently focussing on the spatial variant
of phase delay.

Data driven identification and aberration correction for model
based sensorless adaptive optics

Jacopo Antonello

Delft University of Technology

Delft Center for Systems and Control
Mekelweg 2, 2628 CD, Delft, The Netherlands
j .antonell o@udel ft.nl

Introduction

Wavefront sensorless adaptive optics methodologies argidered in many applications where the
deployment of a dedicated wavefront sensor is inconventdete, aberration correction is achieved
by sequentially changing the settings of an adaptive dptieanent until a predetermined cost func-
tion is optimised [1]. Reducing the time required for thisiopsation is a research challenge.

System description

Deformable

Beam mirror

splitter

M
Aberrated () |
wavefront
Pinhole & \\//
photodiode  _ \/__ g(k)

An aberrated wavefront is focused into a pinhole apertuberesthe irradiancg(k) is recorded
with a photodiode. The objective is to modulate the contignial u(k) of an N channels deformable
mirror in order to maximise thg(k).

System modelling and identification

From first principles modellingj(k) can be approximated by
y(k) = co +cf (x —u(k)) — (x — u(k))" Q(x — u(k)) + w(k), 1)

wherex € R” is the unknown aberration ang € R, ¢; € RY andQ > 0 are parameters. A data
driven identification procedure allows to resobyec,; and(@ from experimental data.
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Aberration correction

An estimate of the unknowr can be obtained by takin’ + 1 measurements of( k) and solving a
linear system. This leads to the maximisation of the irnacka

Bibliography

[1] M. J. Booth, Wave front sensor-less adaptive optics: aehbdsed approach using sphere pack-
ings,Opt. Expressl4, pp. 1339-1352, 2006.
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Integrated High-Resolution Observing
through Turbulence

Applicants:  Prof. Christoph Keller (Utrecht University)y@pect leader)
Prof. Michel Verhaegen (TU Delft)

Researchers: Dr. Visa Korkiakoski
Federico Pinchetti

Budget: 671k

Project outline

Dynamic optical aberrations induced by atmospheric twntce form a major limitation in the achiev-
able resolution of high-end optical imaging instrumerit®e ground-based telescopes and longrange
surveillance cameras. Several techniques have been geddimreduce the effect of these distortions
on the imaging quality, including adaptive optics (AO) amdipfacto reconstruction algorithms. Al-
though, the two approaches have been combined in the pagtalre not been studied as constituents
of an overall system, such as to optimize the total systeriopeance. This research proposal aims
at an integrated approach of optimization of overall imagality, in which the actions of the AO
deformable mirror and the post-facto reconstruction afigor are geared to one another.

Major improvements in resolution are expected with thetjoptimization approach, in particular
with the aspects of (i) the use of AO wavefront sensor sigatd dnd deformable mirror signal data
as input to post-facto reconstruction and (ii) introdudingwn phase aberrations during the real-time
correction with the AO system to improve the performanceastgacto reconstruction, in particu-
lar of phase-diversity algorithms. Moving towards an ollaral-time system, (iii) the feedback of
wavefront aberration information deduced by post-factmnstruction into the adaptive optics sys-
tem is also a very promising aspect. Furthermore, impoitsues like adaptivity with respect to
the timevariant turbulence statistics and the use of robssmation tools taking into account the
uncertainty in the point spread function will be addressetthis research.

The developed techniques will be tested and validated obhad#ory set-up first and later on by
performing real-life turbulence experiments on a telescpd with a long-range surveillance camera.
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Joint optimization of phase-diversity and adaptive optics:
demonstration of potential

Visa Korkiakoski and Christoph Keller

Utrecht University, Astronomical Institute

P.O. Box 80125, 3508 TC Utrecht, The Netherlands
v. a. kor ki akoski @iuu. nl

Abstract

We study different possibilities to use adaptive optics JA@d phase diversity (PD) together in a
jointly-optimized system. The potential of the joint systés demonstrated through numerical sim-
ulations. We find that the most significant benefits are obthiinom the improved deconvolution
of AO-corrected wavefronts and the additional WFS infororathat reduces the computational de-
mands of PD algorithms. When applied together, it is seenttieaimage error can be reduced by
20% compared to traditional PD, working with one focused @meldefocused camera image, and the
computational load is reduced by a factor of 20 compared toemeliable PD algorithm requiring
more camera images. In addition, we find that the system peégioce can be optimized by adjusting
the magnitude of the applied diversity wavefronts.

Bilinear phase diversity for extended objects

Raluca Andrei, Rufus Fraanje and Michel Verhaegen
Delft University of Technology

Delft Center for Systems and Control

Mekelweg 2, 2628 CD, Delft, The Netherlands
r.mandrei @udel ft.nl

Introduction

We propose a new method to estimate aberration parametks&nown object from diversity im-
ages [1], which involves solving a bilinear system of equadi[2]. When the wavefront aberrations
are small, they can be approximated with a linear term wieell$ to a quadratic point-spread func-
tion in the aberration parameters. We expand the wavefrsimguZernike basis functions. Our
bilinear system is obtained by subtracting from each dityenrmage one focused image.

Analytical formula for the PSF

The diffraction integral that gives the spatial impulsegy@ssel/ (z, y) in image space is

U (r,p) ~ 2Ty (1) + 2i ZimT]f (r) (ol cosmp + o, sinm) 2)
whereT" (r) = (—1)"2 2427 andaEm are Zemike coefficients. The PSFlis= U]
I(r,¢) =co+cla+a’Qa. (3)
Given a grid of sizeVl x N, the intensity PSF can be written as
to(a):CO+C’1(]N®a)+Qt(IN®a®a) (4)
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Bilinear problem

We assume we have one focused imégand defocused imagéds = ¢ (a)* f+ny, k=1... No+
1, wherety in (4) andt;, (o) = ¢ (¢ + augg) are the PSFs and g, are known quantities. We subtract
the pairs of images to get

ddk:dk—dgz(pk—i—2(a|vk))*f+nko, k)zl...Na+1, (5)

T
wherev, = [Ukl Vg .« . 'Uk:Na] y Ui = Q¢ (IN ®e; ¥ adk) ,i=1...Ny,pp = C) (]N X adk) +
Q: (In ® agr ® agg). In the Fourier domain, we have

Na
Dy, = (Pk+2zaivkzi) © F' + Ny, (6)
i1

T
or, with d := vec(Dg), v = [1aT] , © = vec(F), (6) becomesl;, = y"A(j)xz, j =
1,... MsNy.

Bibliography

[1] M. Lofdahl and G. B. Scharmer, “Wavefront sensing and imagstoration from focused and
defocused solar imagesAstronomy & Astrophysics Supplement Seti@g, pp. 243-264, 1994

[2] E.-W. Bai and Y. Liu, “On the least squares solution of ateys of bilinear equations’Proc.
44th CDC and ECCDecember 2005.
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Image Manipulation for Wafer Plane
Conformity in Optical Lithography
Systems

Applicants:  Prof. Rob Munnig Schmidt (TU Delft / ASML) (prajdeader)
Prof. Michel Verhaegen (TU Delft)
Prof. Maarten Stijnbuch (Eindhoven Univ. of Technology
Dr. Nick Rosielle (Eindhoven Univ. of Technology

Researchers: Johan Vogel (TU Delft)
Ruxandra Mustata (TU Delft)
Geert-Jan Naaijkens (Eindhoven Univ. of Technology)

Budget: 1000#&

Project outline

The goal of this research is to come to an integral mechatdesign methodology which is generally
applicable to opto-mechatronic systems but specificalbhpstts the development of key technologies
that increase resolution in high speed imaging systemspiidject objective is motivated by the fact
that the semiconductor industry is constantly trying tauegthe minimum size, also known as Crit-
ical Dimensions (CD), of features that are used to fabricatiegrated Circuits (ICs). A reduction in
feature size will result in higher information density apeed as well as reduced power consumption
and cost of the IC. These effects improve performance of coaselectronics such as laptops, cellu-
lar phones and MP3 players which subsequently lead to isedeiaobility and economic productivity
of society.

In the production process of ICs, photolithography is segheasrucial and limiting step in real-
izing smaller feature size. In order to facilitate the daseein CD and improve cost effectiveness of
the production process, lithography equipment manufacsuasire continuously developing imaging
machines with ever increasing resolution and wafer thrpughUp to now, these specifications are
achieved by increasing the numerical aperture of the ledsuaimg laser sources with lower wave-
lengths. Furthermore, the mechatronic system architectound the lens is optimized to reduce
optical aberrations.

Considering the ITRS roadmap for lithography, it is clear thegr stringent demands with respect
to overlay and CD control are pushing lithography equipmeanufiacturers to their technological
limits. In order to improve conformity of the projected maskage - also known as aerial image -
with the wafer surface topology, a number of performancéilg factors need to be tackled. Specif-
ically, static optical path distortions due to lens impeti@ns and wafer unflatness as well as dynamic
distortions due to dynamic deformations and hysteresipt€a path components must be reduced.
However, overcoming these effects is becoming increagiddficult due to the limitations of lens
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and wafer polishing techniques, use of friction-basedi¢afjtcomponent interfaces and higher com-
ponent acceleration levels inside lithography equipmeaichieve the desired wafer throughput.

The push into these extreme machine operating regimes ldssitexident that the conventionally
applied mechatronic design concepts and technologiestiificeilties in tackling the above described
problems. In order to be able to develop next generatioadithphy systems, the current mechatronic
approach for imaging systems needs to be enriched with rmptelmechatronic design rules using
Adaptive Optics (AO). Considering its correction potentthle required bandwidth and its proven
track record in astronomy [5], AO is seen as the key technyotogeduce rapidly changing optical
path distortions inside lithography systems whilst kegmiomplexity and cost to a minimum.

To research novel opto-mechatonic design methodologigsaestigate the applicability of AO
inside high speed lithography systems, the project wiliagtia multi-disciplinary approach to simul-
taneously and iteratively tackle a number of research ehgés.

Firstly, the use of opto-thermo-mechanical models for &damptic actuator and controller de-
sign is researched. Specifically, the trade-off betweenaiaccuracy and complexity will be inves-
tigated.

Secondly, the research will focus on the development of aptaeg optic actuation concept for
lithography systems at photomask level. Moreover, emghasplaced on the identification of the
actuator number and location that enables an optimizedmsygérformance. During this study, addi-
tional challenges such as energy dissipation, cost at amamiof complexity will require dedicated
attention.

Thirdly, research is required on efficient algorithms talfete the multivariable control of, as
well as real-time multivariable system and disturbancetifieation techniques for, high bandwidth
AO systems inside lithography equipment. Finally, a megglsystem through high speed real-time
surface measurement must be developed. It is expectedhthabbve approach will lead to a unique
trend change in opto-mechatronic system design methoga@nod novel technologies for high end
optical equipment to meet future requirements of nanongete) level overlay and sub-50 nanometer
focus deviations.

Deterministic Reticle Clamping

Geert-Jan Naaijkens

Eindhoven University of Technology
Control Systems Technology

PO Box 513, WL 0.68

5600 MB Eindhoven, The Netherlands
g.j . p. naaij kens@ ue. nl

Introduction

In semiconductor industry, the critical dimension of Inmtggd Circuit (IC) patterns etched onto
wafers is moving towards the sub-45 nm regime [1]. Each IQireg multiple lithography expo-
sures resulting in multiple layers. Each layer has to be ssg®n top of the previous layer with a
high alignment accuracy (= overlay). Overlay requiremanésbecoming ever more stringent [2]. In
the reticle stage of wafer scanners, accelerations ocatiate high compared to the positioning ac-
curacy. These accelerations need to increase for incgettgioughput requirements [3]. Deviations
in the optical path are, among others, caused by non-cabiecteticle deformations and drift. These
previously less critical influences become a dominant ingitactor for overlay performance.
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Research subject: deterministic reticle clamping

Reticle interfacing for high acceleration stages and coisapminimize the above mentioned over-
lay performance limiters are elaborated upon. The requargsnof overlay and throughput result
in increasingly contradictory specifications for reticlaraping. For increasing alignment accuracy,
increasing stiffness is necessary as well as decreasingaroectable reticle deformations. Further-
more it is necessary to minimize drift, potentially causgabcelerations.

Activities

Novel design solutions complying with all identified spezations have been developed, resultingin a
modular reticle clamping design. The design solutions amcesponding reticle clamping design will
be presented and discussed. The first three dedicatedsestiihe most challenging functionalities
have been designed and partially realized. Promising hests been performed with the first test-
setup. The results of these tests will be presented andssisdu
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Introduction

As the resolution of lithography systems has to grow comtirsly, steps have to be taken to reduce
static and dynamic error sources in the optical pathway ¢batpromise the illumination. One of
these error sources is the distance between the lens andtéethat is being illuminated. The wafer
is carried by a plate — the chuck —, which is currently seen@gic body [1]. In reality this chuck
has finite stiffness and due to the bending modes there walrberror in measured distance. As a
lighter chuck would be favourable and with the prospect eitlafers and therefore the chuck becom-
ing lager, this problem is becoming more relevant. The aeétion of the chuck being measured, it
can be compensated for, for example by applying actuatibmdssn chuck and wafer.
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Mode shape measurements

The deflection of the chuck can be calculated from measuresnadrthe mode shape excitations.
For this the first six (non-rigid-body) modes are the mostangnt. Challenging is the high preci-
sion that is needed for the measurements. The out of planements have to be measured with
sub-nanometer precision. There are basically two categofimeasurements solutions, external and
internal. The external measurements could be done upwardh—+espect to the stable metrology
frame—, downward —with respect to the long stroke actuathigse position and deformation are
not well-known however— and with respect to an extra to bethiced body. The internal measure-
ment solutions are based on relative deformations insielpldite and include measurement of strain,
stress, displacement, angle and acceleration. As therdafamms of the plate have to be measured
with subnanometer resolution, strains are typically asde\& 1z, stresses as 300 Pa and accelerations
0.3 mm/$, which is challenging. Internal measurement is intergstiim the sense that it is absolute
and the coupling with the rigid body motion is only small.

Measurement methods

At the moment, different possibilities for internal measuent methods are being investigated. These
possibilities include fibre bragg grating strain sensaapacitive sensors, accelerometers and sensors
based on birefringent materials, piezo electric foils aadafjel mirrors.
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Introduction

The trend in the semiconductor industry is to constantlyicecthe nanometer-scale critical dimen-
sions of the features used in fabricating integrated disciiC) [1]. Photolithography is seen as the
crucial step for resolution enhancement in the ICs prodagirocess. The principle of photolithogra-

phy consists in transferring the geometrical pattern frgph@omask to a photoresist, by photomask
illumination. Due to different sources of disturbance glahe optical path, unconformity between

the projected image and the wafer surface topology occutaptive optics (AO) is considered to be

the key technology to compensate for rapidly changing appath distortions.
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System description

One important factor which dynamically contributes to theage unconformity at the wafer plane
is the illumination scanning. The wafer substrate localyodms around the focal point during the
illumination. We are interested in compensating for thetinganduced deformations at the wafer
surface. A distributed actuation strategy that is able téope local active wafer surface deformations
is proposed. The actuation can be implemented by meanszufglextric elements integrated into the
wafer stage support structure. The strategy shows sitigiafvith the deformable mirrors present in
many AO applications. The objective of the control systeroiminimize the distance between the
projected image and the wafer surface, while taking int@antthe dynamics of the heating-induced
wafer deformations.

System modeling

For simplicity, the one-dimensional case is considerecererlihe wafer vertical displacements are
modeled as vibrations of a homogeneous beam and the scdmahgvave is modeled as a vertical
force propagating along the beam’s length. The dynamickebtam is described by a PDE which
is further discretized using the finite differencing methakthe model is then augmented with the
discretized representation of the time delay, descrildieghteat wave. The structure of the resulting
model can be further exploited for implementing computasity efficient numerical methods [2].

Experimental results

First, the control problem is solved using optimal LQG cohtnethods. The performance indicators
of these methods will serve as benchmarks for the evaluatidghe subsequent methods. Then,
because of the structure in the wafer scanning illuminaéisnvell as the wafer dynamics, efficient
distributed methods are used for modeling the system ahtimsacontrolling the optical path length.
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Project outline

Without doubt, Extreme UV Lithography represents todaytsthadvanced optical imaging method,
operating at the shortest wavelength ever employed for-tegblution and wide field imaging. The
technique, being considered indispensible for the fabdonaf the next generation of semiconductor
circuits, represents a major challenge for optics devetynm general. Typically, sub-tenth nanome-
ter precision is required for the optics’ accuracy and pasihg, while, simultaneously, kilowatt-
power level EUV light sources cause tremendous thermakloadhe optics, leading to distortions
of the fine imaging process. The obvious, though so far uegg| solution to this challenge is to
add adaptive functionality where it is most effective, ngme the EUV-reflective multilayer coat-
ings. These Bragg-reflecting layers, for which the team haldsrld reflectivity record, have enabled
the success of early EUV wafer scanners. Yet, they must nomdméfied to include adaptive fig-
ure and spectral functionality to reach the required acyueand stability. We propose a rigorous
new multilayer composition, including piezo- and pyroetteeal materials so that the periodic Bragg
structure can be interactively manipulated. Steering socirol layers by external electrical or ther-
mal signals will then allow wavefront corrections and lazadl reflectivity changes. The aim of this
project is to achieve an integrated system, where adappittesospecifically suitable to the EUV are
individually manipulated to obtain optimized EUVL systemrfprmance. These 'interactive-EUV’
multilayer optics will need to be grown with layer-thickises that have a precision well into the
sub-nanometer range, while at the same time having chemachthermal stability, and atomically
sharp optical index profiles. To meet these requirementslaonental challenges in optics, materials
science, and thin-film physics must be resolved. In the SMpk@ject, the essential elements are
uniquely combined to achieve these goals:

e a unique thin film deposition and analysis instrumentat&@\yell as a proven deposition tech-
nology, ideally suited to produce the ultrathin layers frtira complex piezo materials while
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preserving their adaptive properties,

a positive assessment of critical adaptive and multilageitrol concepts, showing more than
adequate dimensional change effects for the proposediaelapmiltilayer coatings, including a
patent on this adaptive EUV optics,

a new analysis technique in the form of state-of-the-art Elkérferometry with picometer
resolution,

substantial support from our industrial partner on desagyaJysis, and system engineering,

a proven track record of the team in transfer of know-how tustry.
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Introduction

Extreme ultraviolet lithography (EUVL) is the next gendéoatprocess to satisfy the high demands of
the semiconductor industry. At EUV wavelength (13.5 nm) titayler mirrors are commonly used.
Multilayer mirrors are composed of many bilayers (high aefive index and low refractive index)
which are designed according to the Bragg law [1]. The Bragmiia defines the interference
condition for waves reflected from different layers and tedathe layer thickness to the angle of
incidence and the wavelength. The thicknesses of the layersritical for the reflectance so that
they are susceptible to environmental changes such as tatupe Here we propose a new active
multilayer structure which can be adjusted to compensateeftectance changes. This multilayer
structure makes reflectance tuning with an integrated pieztric layer that can change its dimension
with external voltage.

Active multilayer structure

In the reflectance tuning process, the thickness of the pleeztsic material is of primary interest for
the phase difference and for the reflectance tuning rangadir to see the effect of the piezoelectric
material thickness on the reflectance let’s define a spetifictsire as in Fig. 4 a) for 13.5 nm which
is illuminated at normal incidence. The reflectangé;), is plotted as a function of the piezoelectric
layer (BaTiQ) thicknessy, in Fig./4 b). Depending on the thickness of the Baji@yer, the degree
of interference changes, so that the total reflectance hasyue and minimum values. In order
to have the maximum reflectance tuning range, first we selesinanum acceptable reflectance
value (Rmin) and then we find the number of bilayers for upper and lower Mitltks (V; and /V,
respectively) that gives the maximum slope ab&yg,. For example, if we seled®i, = 60% then

25


bayraktar@utwente.nl

80 T
—— L
Si(4.14nm)—> 75
——
Electrode —— 70r
STRUOS —— @ zmax=2.2nm
(2.76NM)  —— % 65 Rmax=63.82%-
€  [eeeeecmaaaaes
=
Piezo. Layer a0 — — _
BaTiO3 = zmin=2.1nm
& 55l Rmin=60.54%
Electrode” m——
SrRuO3 I
(2.76nm) I 50
e
—— !
z BaTiO3 (nm)
(a) (b)

Figure 4: a) Active multilayer structure which can be defifredh top to bottom as: Mo/Si multilayer
stack, top electrode, piezoelectric layer, bottom eleldrand bottom Mo/Si multilayer stack. The
period of the Mo/Si MLM’s, the thickness of Mo and the thickseof Si are 6.9 nm, 2.76 nm and
4.14 nm respectively. b) Reflectance as a function of BaTa@er thickness. By applying voltage,
the thickness of the BaTiOayer can be changed from 2.1 nm to 2.2 nm resulting in a refteet
increase from 60.54% to 63.82%.

the optimum solution is satisfied witN; = 25 and N, = 48. Reflectance tuning range is limited
by the mechanical properties of the material. Maximum théds change (maximum stramsax)

for BaTiO; before any plastic deformation is 4.8% [2]. Therefore, if define the initial thickness
of the BaTiQ layer and the total reflectance ag;, and Rmyin respectively, then maximum thickness
and corresponding reflectance can be writtethas = zmin(1 + €émax) @nd Rmax respectively where
Rmin = R(zmin) @nd Rmax = R(zmax). Using the configuration in the figure, it is possible to cheng
the thickness of the BaTirom zpin = 2.1 nm to zmax = 2.2 nm resulting in a reflectance tuning
range betwee®min, = 60.54% and Rmax = 63.82% as shown in Fig. 4 b). The reflectance tuning
range is 3.28% for this BaTiQOlayer thickness however it is possible to achieve higheec&dhce
tuning with thicker piezoelectric layer which will be expiad in the presentation.

In conclusion an active multilayer mirror structure is désed to be used at EUV wavelengths.
The structure incorporates a piezoelectric layer into théitayer mirror that allows reflectance tun-
ing. Using this idea, it is also possible to design strucuoe different wavelengths ranges and
multi-element structures for wavefront correction.
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Project outline

The need to intensify the exchange of information with higégeed (internet), the wish to display re-
ceived information in most brilliant (Laser TV) colors, amibst advanced techniques in bio-medical
diagnostics, surprisingly, have their common grounds. Wbeking at their technological heart, one
finds that it is the excellence in laser light generation tbaters their potential and growth. As a
result there is a strong need to realize highly miniaturizesgrs with greatly improved wavelength
control, and at most affordable cost. In this project we stigate a novel approach that promises to
fulfil many of these demands. For the first time, we use spéegtical cavity) diode lasers (VC-
SELSs) and control their emission with a network of adjustgtitotonic wires (waveguides) made in
a glass-chip. The design of these planar glass-based wedeagug resonator circuits is that they can
tune or lock the laser wavelength at will, via chip-integcathermo-optical actuators, while at the
same time allowing on-chip measurement of the wavelength.

Stable operation, at any desired wavelength, is then d@na so-called smart controller. This is
eventually a miniaturized electronic control chip, in wintbe most advanced control theory is applied
for proper functioning of the laser and low cost. The desatidesign allows further unprecedented
possibilities; To scale-up the output power, entire arn@ydiode lasers can be operated on the same
waveguide chip. Mutual coupling combines their output iatsingle beam, e.g., as highly repetitive
light pulses, enabling an easy and efficient conversiongowerful visible light for display purposes.
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Introduction

Tunable, narrowband diode lasers are widely used in, elggdmmunications [1]. In order to achieve
wide tuning, high wavelength agility, high side mode sugpien and a narrow spectral bandwidth,
tunable diode lasers are commonly equipped with an exteavaty. Such an external cavity is build
using free space optics such as lenses (for collimating doed Gioupling), mirrors (for feedback)
and gratings (as frequency selective components for tyinkhgwever, this inherently means that the
external cavity will be expensive, bulky, fragile and dificto align. In order to deal with these prob-
lems, we propose an external cavity where a frequency sadeuirror is integrated on a waveguide
chip and is coupled directly to a laser diode. Although osefashows large similarities to that of
the work of Chuet al.[2,3], our design has some significant technological angiglayimprovements.

Waveguide design

In order to achieve a laser that operates at a high accurarycbhesen wavelength, we designed a
tunable external cavity mirror, based on integrated miang-resonators (MRR) [2,3]. We designed
our laser such that it should cover the full telecom C-ban®Q1®m-1565 nm). In order to be able
to adress all wavelengths in this C-band, and taking the '&aspectral gain profile into account,
we designed the external cavity with a set of two different MR®ish radii of 50 ym and 55um,
respectively). Calculations show that the laser’'s wavdlemgould be tunable over 44.6 nm in this
configuration. The schematic representation of the lasggdes depicted in Fig.|5.

Laser diode R1: = laser output

Figure 5:Schematical representation of the designed laser, with a lagth tunabililty of 44.6 nm.
R1=50um, R2=55um.

Results

We have fabricated the described waveguide mirror in TKRéEhnology and show that its properties
are in agreement with theory. We have coupled the waveguidemto a diode laser chip and have
analyzed the laser’s characteristics in detail and conaptlrem to the values of the free-running
laser chip. Currently, we have achieved a maximum fiber-eamupbwer of 1 mW, with a nominal

laser-chip power of 10 mW, to be increased by better modemmagc We found that our laser can
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be tuned in wavelength over40 nm, the tuning between two different wavelengths can beedo
within a time of 0.3 ms, the side-mode supression ratio (SM8&Y 50 dB (compared to 30 dB for
the free running laser) and the laser bandwidth was veryowdand: typically 60-100 kHz with a
minimum of 30 kHz (compared to 20-25 GHz for the free-runniasger), the laser threshold was
5.6 mA (compared to 17.8 mA for the free-running laser). Tiabitity of the output power of the
laser was 4.5% (compared to 2.5% for the free-running lasen) 10 minutes.
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Introduction

Miniaturized tunable lasers have recently received irgirgpattention in applications like telecom-
munications, spectroscopy and imaging systems [1]. Indh# project with University of Twente
(UT), a waveguide-based external cavity semiconducter iadeing developed, with the wavelength
and power accurately tunable but at reduced cost and sreell si

Problem formulation

A main challenge in the development of such a laser is to rmedbke wavelength and power of the
laser in realtime, with simple hardware but at high accuracy
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Strategy

A wavelength and power measurement method is proposed aguref6. The incident laser with
wavelength\, and I, passes through the tunable color filter (TCF) and illumingétesphotodiode.
The photodiode measures the intensity of the transmittgad, Idenoted ag,. for time instantk.

Tunable
color filter Photodiode

Aoy B

> H > D — y(k)

A
[

Voltage v(k)
Figure 6:Schematic of the wavelength/power measurement device

By physical modelingy, is represented as

Yk = PoSk(Ao, vk) + M. (7)

Here S(\, vx) is the spectra sensitivity of the combination of TCF and ptiatde andy,. is the
measurement noise. Note th#t\, v, ) can be changed by the control voltage For the wavelength
and power estimation later of(\, v) needs to be calibrated by a laser with known wavelength and
power beforehand.

The wavelength and power of an incident laser is estimatédansteps: (1) applying a certain

number of voltagev,, £ = 1,---, N (N is the number of voltages) to the TCF and collect the
correspondingy,; (2) estimate the wavelength and power based onvthe, and the calibrated
S()\, Uk).

An experimental setup has been builtin UT, with 400 wavelleeg tested in a range @649 nm,
1553 nm|. The maximal wavelength estimation error is 0.15 nm, wWth= 21 tuning voltages, and
95% of the estimation errors are lower than 0.05 nm.

Conclusion

A new method has been proposed for measuring the wavelendtbaaver of the laser with a tunable
color filter and single photodiode. Future work will focusfeedback controller design of the tunable
laser.
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Goal: Small size, Low cost+Accurate wavelength/power tuning.—
Sophisticated device and controller design!
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In the near Future ...
And maybe for the AOIM workshop in
4 years from now!
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