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Foreword

Dear reader,

This annual report covers the period from 2008 to 2010. It also marks the transition
from the university of Mannheim to the university of Heidelberg, which of course
was associated with plenty of organizational work. Officially the Mannheim-label
was dropped with the end of 2007 and since January of 2008, the chair is officially a
member of the Heidelberg faculty of Physics and Astronomy and a member of the
institute of computer engineering (ZITI)".

This new institute was established as a central institution of the University of Hei-
delberg. Its six member chairs are assigned equally to the Department of Physics and
Astronomy and the Department of Mathematics and Computer Science and have
successfully integrated themselves into the research landscape of Heidelberg. At the
same time, the institute was involved in implementing the Bologna process, which
implied termination of the existing Diploma-program, an integration into an existing
Bachelor program and the formation of a new Master program. This newly estab-
lished Master of Computer Engineering has started this winter term 2011/12.

With this transition from Heidelberg to Mannheim, the research work of the chair
also has shifted slightly toward more fundamental aspects of modern optics. Some
contributions deal with the computational aspects of light in optical components (3,
4, 5, 7), some with mathematical aspects of controlling light (1, 2, 6) and several con-
tributions also deal with applications in optical interconnects (9, 10, 13) and parallel
optical microscopy (8, 11, 12). It is assumed, that from now on, the annual report will
continue on a yearly basis.

Karl-Heinz Brenner
Head of the chair
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Full control of light intensity by beam shaping

K.-H. Brenner

Beam shaping is commonly used to transform a givenWith respect to the first task, we use a far field
intensity distribution into a different, desiredtensity approximation of eq. 1, which is sufficiently acate, if the
distribution. Applications of one-dimensional (ridaally beam shift is small compared to the separafnand
symmetric) beam shaping [1,2] are typically in #rea of express it in the form:
high power lasers and optical illumination systetdalike 1
one-dimensional beam-shaping, which leads to alsim 0,2 ‘1/4_% S )
differential equation, which can be integrated istaight
forward manner, the two-dimensional beam shaping | ) . .
problem leads to a nonlinear Monge-Ampere type touia With this, the beam shaping requirement can b.eeeswgmd
for which numerical solutions [3] are difficult tobtain. @S & Monge-Ampere-type second order differentialaéqn
Recently, we have generalized the equations foicalpt for S
beam shaping with two surfaces, derived a nonlinear I,(x+S, y+ §)fi(1+ $)(1+ §) - %] = o( X) 3
Monge-Ampere type differential equation, which lbeea

solvable with the shifted-base-function (SBF) apeto[4]. It relates the second order partial derivativesSao the

In an optical implementation, beam shaping can b'@put intensity I, and the desired output intensity. For
realized by diffractive, by reflective or refraativoptics. In  solving this equation, we have developed a local
fig. 1, we consider a refractive system in a tedpsc optimization algorithm, which finds an acceptablenerical
geometry. The input medium and the output mediue assolution in less than 50 iterations.
assumed to have the same refractive index, heratetbiy
n,. The intermediate medium with a thicknessDobn the ~ As an example, we considered a Gaussian input itlum
optical axis has a refractive index of,. The input and nation (fig 2, left) which is to be transformeddrdan image

2" of the letter B. For verification, the result (fig.right) was
output coordinates are distinguished by small amd)el optained by an independent calculation using Md@aelo
letters. ray tracing through the surfaceandz.
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Fig. 1: Geometry for general two-dimensional beam

shaping in a refractive telescopic arrangement. Fig. 2: left: Gaussian input distribution and referencsifions of

. . the SBF-approximation, right: Intensity obtainedNdgnte-Carlo
Any beam shaping problem can be decomposed into a ray trace with mapped positions

sequence of two tasks: 1) to find the mapphgf the input

coordinates (x,y) to the output coordinates (X, 2f)d 2) the References:

calculation of the optical surfaces, required tbiewe this

task. With respect to the second task, we foundraytic [1] F. Dickey and S. Holswade, Laser Beam Shaping:

expression for finding the surface z from the magpi: Theory and Techniques (Marcel Dekker, 2000).
z, 1 AX(X, y) [2] D. L. Shealy, J. A. Hoffnagle, and K.-H. Bremn&PIE
= - @) Proc., Vol. 6290, San Diego, 2006
) Jv-17 D +(v? -1 (2¥(xY)

[3] J. Benamou and Y. Brenier, “A computational dlui
the beam shifhx= X — x mechanics solution to the Monge—Kantorovich mass

This equation  relates transfer problem,” Numer. Math. 84, 375-393 (2000).

Ay =Y -y to the gradient of the front surfazev =n,/n,

is the index ratio. The back surfaZecan be determined [4] K.-H. Brenner, Journal of Physics: Conferenceri&s
uniquely using the constant path length conditferam the 139,01,2002, p. 11, Workshop on Information Optics
gradient, the surface can be determined easily Bf-S (WIO’08), (2008)

integration [4].



Parallel image scanning with binary phase gratings

R. Buschlinger

Microscopy applications like in system biology ar i
industrial inspection generate an increasing demtond
high-speed imaging techniques. An approach tofgdtiss
demand is spatial parallelization of the imagingtsm. In
the case of wide-field imaging, the scan time dejgeon the
ratio of lens diameter to field of view of each iwidual
imaging system. To minimize the scan time, the nemds
lenses has to be maximized and therefore the dizbeo
imaging systems has to be minimized.

Recently, we have developed a novel approach f@llph
image scanning, whereby the intensity peaks arergesd
by a binary phase grating instead of a lens arfdese
binary phase gratings in a special configurationegate
sharp spots for grating periods down to 3 wavelendl].
This was observed also experimentally.
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Fig. 1: Intensity in the x-z-plane behind a 2D-grating.
Units are in microns

Compared to micro lenses, such gratings can bdyeasi

manufactured and enable a high degree of miniatiioiz
The diameter of the focal spot is not restricted by

numeric aperture according to Abbe's law and cansed to

scan specimens with many spots simultaneously.tDlee

high degree of parallelism, the imaging speed can b

increased significantly.

In order to analyze, which grating configurationse a
practical for generating intensity patterns withtitict spots,
the intensity on the optical axis was calculateddifferent
z-positions and for a range of gratings with diffardill
factors using both, scalar diffraction theory angoous
diffraction theory. A high intensity in the resulgj plot is an
indicator for the existence of a focal spot. Whistmethod,
optimum spot generation was predicted for fill tast
which lie on a straight line. Such a plot is shawrfig. 2.
The horizontal axis shows theposition in units of the

, K.-H. Brenner

result, the plot in fig. 2 appears more blurred ghd

tolerances for fabrication a focusing grating drest more
relaxed. For smaller grating periods, we also oleskran

increase in effective numerical aperture, but alsancrease
of the bias amplitudes.

o
0 ot

Fig. 2: left: Gaussian input distribution and referencsifians of
the SBF-approximation, right: Intensity obtainedNdgnte-Carlo
ray trace with mapped positions

o1s 02

In an imaging application, only one spot plane $thou
contribute to the detected information in each saanstep.
If a specimen is placed inside one of the focah@aof a
binary phase grating, its light transmission prtiperat the
position of the spot can be measured in a detegilane
behind the specimen. Figure 3 shows the result feom
simulation using an absorber with a diameter of df/@he
detector pixel size. The period of the grating,=101.
matches the period of the detector array. The uésol
obtained is approx. 1/5 of the detector pixel size.

Size of absorber
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Fig. 3. Integrated detector intensity when an dhiagr
spot is scanned through the focal plane.

Talbot lengthz; . Due to symmetries, the plot is only shown

for a quarter of the Talbot length. The verticalsashows
the fill factor ranging from zero to one. The light
distribution clearly exhibits a fractal behaviodfor the
focussing condition in fig. 1, we chose a fill facof ~ 0.7
at a focussing distance of ~ 0.12. The absolute value of
the grating period also plays an important rolecesismaller
periods reduce the number of propagating modes.aAs
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References:

[1] R. Buschlinger, K.-H. Brenner, "Light Focusinigy
binary phase gratings", 5th EOS Topical Meeting on
Advanced Imaging Techniques, Engelberg/Ch 2010
(AIT), ISBN 978-3-00-030503-0



Vector wave propagation method (VWPM)
An extension to the wave propagation method

M. Fertig, K.-H. Brenner

We have extended the scalar wave propagation method

(WPM) to vector fields. The WPM [1] has been intiodd ‘
in 1993 in order to over-come the mayor limitatiafsthe | ‘
beam propagation method (BPM). The BPM is a pafaxia | i
light propagation method for the simulation of infm 1
geneous media. Due to the paraxial approximattsrmain ) / i

- L

application is in the simulation of wave guides.tiWihe

WPM, the range of applications could be extendethfthe

simulation of waveguides to simulation of convenéb

optical elements like lenses and gratings. In fljwas

demonstrated that the (scalar) WPM provides vaslits

for propagation angles up to 85 degrees. Here xtend the

WPM to 3D vectorial fields by considering the pdtation

dependent Fresnel coefficients of amplitudes fangr

mission in each propagation step. Like in the WM start Fig. 1: Electric field intensity of a Gaussian beam
with a plane wave expansion of the fieldzat 0, which is propagating though a prism

the starting point at layen . . o
Fig. 2 shows the amplitude distribution of a plam&ve

- . passing through an ideal focussing lens with a mieme
EDvm(k‘ﬂ ):H":ﬂ vmg )@xp(—@(jr )9? @ aperture of 0.85. The focal distribution agreegqmtly with
the results from vectorial Debye theory.
Unlike the WPM, we now consider the vectorial pndigs
of the wave. The-component is not needed for this step, ...

since E, (k) must satisfy the Maxwell equations. The

transfer at the interface between layer and n+1 is
described by the Fresnel equations. These canfoene oot
lated into a linear transformation

15.00

Eom (k) =M st ko )E ok ) )

The next step treats the propagation of a singlegivave
component in an inhomogeneous layer o 22

15.00:

E'E.m 1(rE vK] ):Er +m l(k )l]EXp(Wm ﬂl(r Dk )) (3)

2000

1000 2000 30.00 0.0 50.00

Due to the inhomogeneity of the medium, the propaga

phase is dependent on both, position and directiothe  ypjike rigorous methods, which are only able to Wate

final step, the propagated wave amplitudes are UMP.  sma|| volumes, the VWPM, due to the decompositiato i
separate layers can also simulate much larger vagduand is

@) therefore a suitable tool between the macroscopit the
microscopic world.

()= €0 e )t )2

For homogeneous media, this step has the form of—=
Fourier back-transformation. In the inhomogeneoase¢

however, E';,.(r k, )is dependent also on position.

Therefore, an inverse Fourier transformation canbet [1] K.-H. Brenner and W. Singer, "Light propagation
applied. We verify the validity of this approach by through micro lenses: a new simulation method"

References:

transmission through a prism and by comparison with Applied Optics 32, (1993), 4984.4988

focal distribution from vectorial Debye theory. The[2] M. Fertig, K.-H. Brenner, “The vector wave pagation
simulation provides the correct amplitudes and ea¢itbn method (VWPM)", JOSA A, Vol. 27, No. 4, pp. 709 —
angle according to electromagnetic theory. 717, (2010)



Inverse method for the
characterization of 2D-diffraction gratings

B. Trauter, J. Hetzler*, K.-H. Brenner

Diffraction gratings are used in a wide range of
applications. An accurate characterization is regsto
ensure a high quality of the element. Because rgrati

periods decrease down to a few hundreds of nanosnete grating
optical microscopy reaches its limits, if gratingr@ameters height || | |—
like grating height or fill factor should be deténed with
high accuracy. Only methods like Atomic Force Mizopy width _/depth
period y

or Scanning Electron Microscopy offer the necessary
precision but also suffer from some disadvantagh's.
analyzed an inverse method which is similar to
scatterometry, often used for the inspection of isem Fig. 1: Model parameters for the test case, a checkeripadrern
conductor structures. The method allows the detetitn

of the grating parameters of a two-dimensionalraséffion
grating by measuring the diffraction efficiency séveral
diffraction orders. By use of a rigorous calculatimethod,

we can numerically solve the inverse grating ddfien
problem and determine the grating shape out of the
diffraction orders.

period x

duty cycle

Method Resolution | Disadvantages

Microscope 100 nm Resolution insufficient | "

AFM 10 nm Non-optical met.hod., optimization target: .
Local method, Tip size minimal difference o7t et et
limits 3D resolution o mization path .

Electron 1nm Non-optical method, R A oA T

Microscope Local method, Grating

- ”e‘?ds to be prepared Comparison AFM Reconstr Difference

Grating few nm Indirect method Fill factor 0.45-05 0.47 6.4 %

reconstruction No I.ocal measurement Grating 669 nm 665 nm 0.6 %
possible height

Table 1: Comparison of different measurement techniques Table 2: Comparison of the resuls for the test case

The method is based on the comparison of measurg:d a
calculated diffraction efficiencies. Through minizimg the
differences by means of an optimization algorithtime
grating parameters can be determined.

Table 2 shows a comparison between AFM measurements
and the grating reconstruction method for two défe
grating parameters, the fill factor and the gratieight. The
results are in good agreement and thus clearly detraie

For the measurement the diffraction grating is Qeinthe validity of the method.

measured under different illumination settings @aample
at different wavelengths). A detector determinesrgdative
intensity (i.e. the diffraction efficiency) of a rtain
diffraction order.

On a Computer, the diffraction efficiencies for ertain
grating model are being calculated. An optimizatio
algorithm varies the grating parameters as longthes
calculated efficiencies fit well to the measure@srFor the
simulation of the grating the Rigorous Coupled Wave
Analysis (RCWA) was used.

For a fast calculation of the iteration steps, veedian
extension of the RCWA that directly provides the
derivatives of the diffraction efficiency with resgt to the
grating parameters used for the optimization. [1,2]

References:

[1] N.P. Van der Aa, R.M.M. Mattheij, J. Opt. Sdan. A,
Vol. 24, No. 9, p. 2692-2700 (2007).

r12] B. Trauter, J. Hetzler, K.-H. Brenner, "Inverseethod
for the characterization of two-dimensional diffian
gratings", 14th Microoptics Conference, 25.-27.9.,
Brussels, Belgium, Technical Digest, pp 131 (2008).

* Carl-Zeiss SMT AG Oberkochen



Polarization-independent photodetectors with enhared re-
sponsivity in a standard Silicon-on-Insulator Compémentary
Metal-Oxide—Semiconductor (CMOS) process

N. Moll*, T. Morf*, M. Fertig**, T. Stoferle*, B. Trauter, R. F. Mahrt*, J. Weiss*, T.
Pfluger**, and K.-H. Brenner

Today, the realization of optical chip-to-chip coommta-
tion is restricted by the challenges of combiningfical

detectors and light sources with integrated CMQ8uds.

Although CMOS technologies already offer a widegeof
intrinsic pn-junctions, that can be used to buildetector,
the high doping levels of state-of-the-art techge lead to
very narrow depletion regions of approximately 508+im
and very high junction capacitances, which sevelighjt

the frequency response of such a detector. The sieplle-
tion regions also result in a very small respoigibtecause
of the limited volume available to absorb photond gen-
erate charge carriers.

In this work an optical detector in a silicon-orsiator

(SOI) CMOS process was implemented with an approx §

mately 70-100-nm-thick active Si layer, where under-
mal conditions less than 5% of long wavelengthtligbuld
be absorbed. In order to enhance the absorptioesanant
feedback structure was introduced to increase fieetive
interaction length.

The SOI CMOS technology already provides poly-Sega
in a grating structure, which can be utilized tovide the
required feedback for a photodetector at a seleaimde-
length (cf. Fig. 1).

Fig. 1

Schematic cross section of
the grating structure in a
standard SOl CMOS proc-

ters are the grating periad
and the poly-Si gate width
a; (in a metal-oxide—
semiconductor field-effect
transistor (MOSFET), this
dimension is referred to as
the gate length).

'chaipel P

buried oxide

Si substrate

By applying a slight p-doping to the active Si chehand
heavy n- and p-dopings to source and drain, wechlhgi
implemented the source-drain implant of a negathennel
field effect transistor (FET), but with a switchpdlarity on
one side. The result is a lateral p-i-n diode, whbe deple-
tion region forms under the poly gate.

The photodetector device works by inducing a stagpdi
wave inside the device when light couples to theosd-
order grating. The standing wave is then absorlyegeber-
ating electron-hole pairs in the depletion regioer the
gate, where an electric bias voltage is appliecerd@lby an
electric current is created between the n-and tivelp

In order to optimize the design, we performed afRilie-
difference time-domain (FDTD) simulations. Thesada-
tions of 1D gratings clarified, that in order totain a po-

larization independent resonance at 650nm, diffegeat-

ings periods for s- and p-polarization are necgsgdrand

thus no single 1D grating configuration is suffitieThere-
fore we introduced corrugations perpendicular te finst

grating to construct a polarization-independentigga

For unpolarized light, the total absorption is therage of
the two absorption values. That way we achievedtal t
absorption 069% for 650nm wavelength (cf. Fig. 2).

3 -

640 660 680
wavelength (nm) /

absorpt

/
average
5

-

1 1
640 660
wavelength (nm)

700

Fig. 3
Calculated absorption spectra of the 2D grating famction of the
wavelength for both the s- and p-polarization. Gteging period

ess. The geometric parame- &m is 215 nm, the gate width is 60 nm. The calculated absorp-

tion spectra are functions of the wavelength fee filifferent grat-
ing periods. The other parameters are kept fixed.

The 1D and 2D photodetectors designed were fakddata
standard 45-nm SOl CMOS process. For the charaateri
tion of the detectors, a mode-locked Ti-sapphirkselaser
was used as excitation light source. Further detaflthe
experimental setup and results can be found in [1].

References:

[1] N. Moll, T. Morf, M. Fertig, T. Stoferle, B. Ruter, R. F.
Mahrt, J. Weiss, T. Pfliger, and K.-H. Brenrfeolariza-
tion-Independent Photodetectors With Enhanced Respo
ity in a Standard Silicon-on-Insulator Complemengtar
Metal-Oxide—Semiconductor Procedslightwave Tech-
nol., vol. 27, no. 21, 2009

* IBM Zirich
** |BM Béblingen
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Minimal realization of arbitrary optical systems
defined by ray transfer matrices

X. Liu, K.-H. Brenner

Optical systems can be described paraxially bytraysfer
matrices that specify the relation between parasmtance
rays and exit rays. In this research project, wesitter the
inverse problem: a desired optical system is glwethe ray
transfer matrix, and by means of the matrix decasitjpm
we look for the minimal optical realization thatnsists of
only lenses and pieces of free-space propagation.

Summarized and outlined in book [1], similar decosip
tions have been studied before but without a &&in to
these two elements types - lens and propagatisa,with-
out an attempt for minimization. As the main resuf this
research, general one-dimensional (1D) opticalesystcan
be synthesized with a maximum of four elements tava
dimensional (2D) optical systems can be synthesizita
six elements at most.

One-Dimensional Optical Systems

Any 1D optical system can be described by a 2x2péyatic
AB

CD

propagation over a positive distance, exhibit thematrices

L andP respectively as following

L(f):[_;f (1)] P(z>0)=((1) ZJ

wheref denotes focal length armlis positive propagation
distance.

matrix M =(

The coordinate inversion matri¥ (77) = - is introduced

as an auxiliary element in the decomposition. Hsspnce

does not increase the complexity of the opticatesys It

will be located, if present, only at the entrancexit side of

systems, which means a 180° rotation of the oljedhe

optical detector. Following are the minimal decosipons

for 1D systems:

e B>0: LPL.If A=1 (or/andD =1), the right (or/
and left) lens can be omitted.

« B<0: ¥(mLPL .If A=-1 (or/andD =-1), the
right (or / and left) lens can be omitted.

+ B=0 A=D=1lor -1: L or¥(n)L

*« B=0 A#2D A>0 C>0:PLP

+ B=0 A#D A>0 C>0:'¥(m)PLP

e« B=0 A#D A<O0 C=0:PLPL orLPLP

+ B=0 AzD A>0 C<O0:'¥(m)PLPL or'¥(nLPLP

The maximal cases include 4 primary elements.

Two-Dimensional Optical Systems

Any 2D optical system can be described by a 4x4pdyatic
matrix M :(é E) with A'C=C'A, B'D=D'B, and
AD" -BC" =1, whereA, B, C, D are 2x2 block matrices
and| is the identity matrix. The two primary elemerds;
tigmatic lens and isotropic propagation over a fpasidis-
tance, exhibit the ray matricés andP respectively as fol-
lowing

1 000
0 00 102z 0
-1 010z

L(fx,f):TX 0 1 0,P(z>0):0 01 o
o o1 0001

f

y
wheref, andf, denote focal lengths armis positive propa-

. The two primary elements, lens andgation distance.

Coordinate rotation in the lateral plane corresgaied

cosp sirp 0 0

_| —sing cog 0 0
R(#)= 0 0 cog sip|

0 0 -sing cog

which is an additional auxiliary element. Its mplé pres-
ence does not increase the complexity of the dpsigstem
since it can be implemented practically by rotatihg sub-
sequent optical element.

To determine the optical minimal decomposition, dig
tinguish between two cases:

* |B|#0: a maximum of five optical elements (lens and

propagation) is sufficient for a realization ofshnatrix
type:RLRPLPRLR .
. \B\ =0: a maximum of six optical elements (lens and

propagation) is sufficient for a realization ofghnatrix
type:RLRPLPRLRP .
Decomposition of 2D systems thus consists of a mawi
of six primary elements.

References:
[1]Wolf, K. B.; “Geometric Optics on Phase Space”,
Springer, 2004

[2]Liu, X.; Brenner, K.-H.; ,Minimal optical decoposition
of ray transfer matrices”, Appl. Opt7, E88-E98, 2008
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New method for rigorous simulation of local absorpibn in
periodic structures

M. Auer, K.-H. Brenner

For computer-aided optimization of lithography, o
detectors and photovoltaic elements, precise madtieah
models of the underlying physical absorption preessare
indispensable. Nevertheless, in most cases, thedasth
tools for optimization of light efficiency in pho®&ensitive
materials only consider the intensity distribution these
devices. In the context of lithography, for exampte resist
exposure is proportional to the amount of energyiciv is

Fig.1-a,d). Unlike other approaches using FabrpPer
resonances or surface plasmon resonances, ouraappro
utilizeslateral resonances

In a simulation, grating period and gate width foantwo-
dimensional parameter space, which can be scanned
layerwise for absorption maxima (cf. Fig.1-b,c). By
realizing a grating with a suitable combination d#sign
parameters, we have optimized our design to anrptico

absorbed in a finite volume element. In photodetect level of 68.4% in the active channel - in contras®.18%

design, the location of photon-electron generaptays an
important role for the responsivity of the photatko
because only those electrons, which are generaadthe
depletion region, contribute to the photocurrenthilev
electrons generated in other regions mostly cauikto
local heating.

Starting with Poynting’s theorem, one can deriieranula
for the quantitative calculation of the ratio ofsatbed
power to incident power in a volume element (V) &or
illumination with a plane wave according to:

P, K 2
—azﬁlﬂlfqﬂlm(g(r))ﬁl(r )|“dv (1)
FJI K,Z A \Vi

The absorbed power thus depends on the imaginatyopa
the permittivity Im(£(r)) at locationr . ky and k; , refer
to the vacuum wave number and theomponent of the
wave vector of the incident wave, exposing an #&ed&,

refers to the electric field response inside théen to an
incident field with unit amplitude. Using the "Rigus

Coupled Wave Analysis" (RCWA), a standard method fo f

the calculation of diffraction efficiencies, the amdield

absorption obtained without optimization. This esponds
to an increase of efficiency by a factor of 31, letdtaying
fully CMOS-compatible without any need for additédn
post processing steps.

(@) Geometry (b) Integrated Absorption
Gate Width Period inside the Grating
—>
'SiN, [: 28,2%\\\\
Active SI-Channel ‘

BOX
Si-Substrate

Gate Width [P]

(d) Distribution of Local Absorption

13]: 0% W [2]:16%

" Period [um]

(c) Integrated Absorption
inside the Active Channel

[1]: 58%

AN
[
[3]: 2.18% \\2] 68,4%

Period um]

Gate width [P]

distribution E; does not provide the correct absorption

values in the case of TM-polarization. By modifyitige
field definitions, taking mode truncation into acot, we
have achieved perfect agreement between globattiso
and integrated local absorption[1]

Based on this result, we also developed a new gorioea
SOI-CMOS-compatible photodetector [2]. Using
technology for photo detection, there are many lgrob to
deal with: Ultra thin layers limit the height (akioiOnm) of
the active zone. High doping levels cause narropletien
regions. The assortment of materials is rather tdichi

this

Fig. 1:
(Polarisation: TE, Wavelength: 850nm)
* Geometry of the layer stack and the simulationpatars (a).
* Integrated absorption of the grating layer (b) tredactive
layer (c) for a wide range of gate width and penatiies.
« Distribution of local absorption inside the lay&ack for three
parameter combinations (d).
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Integrated beam splitters for
parallel microscopy in life science

D. Wohlfeld, E. Slogsnat, K.-H. Brenner

High-throughput fluorescence-microscopy is used by Fig: 1 depicts an illustration of the micro-integm

biologists to define and model gene functions @eaome-
wide scale. Besides high spatial resolution, thegimg
speed, especially in time-sequence imaging, iSrgoitant
factor. A significant increase in scan speed caadigeved
by parallelization. The parallelism of microscoylimited
by the size of one imaging system and the ratiovden lens
diameter (D) and field of view (FoV) of the objeas. Thus
miniaturization enables a higher degree of paiattel

Classic Micro lens | GRIN-rod lens
parallel system system
Magnification 10 6.1 4.6
NA 0.4 0.35 0.35
Resolution ~1pm ~1lum ~1pum
Chromatic yes no no
aberration
correction
Lens 28 mm 1.2 mm 2mm
diameter
Field of View 2600 pm 120 pm 400 pm
Scans for 12 10 5
total plane
Scans to 12 8 3
cover spots

Table 1: Comparison of classic and miniaturized
parallel microscopy

Furthermore, aberrations scale down with the lems. s
The maximum degree of parallelism can be achieved

ideally, if the ratio of FoV/D is one. Table 1 shova

comparison between a classic fluorescence objectve

micro lens array approach and a GRIN-rod lens sy$1§.

Substrate |LI e Y e Y s O s B s B e B Ij
I A 1eee

GRIN rod

Beam splitter
GRIN rod

Sensor Light source

Fig. 1: GRIN-lens approach for fluorescence microscopy.
The imaging and illumination paths are separated
by a beam splitter.

parallel microscope system. In the top layer aee filont
imaging lenses, the intermediate layer consistsb@dm
splitters and in the bottom layer the collimati@mdes and
the imaging lenses are mounted.

The GRIN-rod lens system from table 1 was designed
optimizing the length of available GRIN-rod lensesl the
parametern4 of the index distribution using a Zemax
simulation.

The beam splitters were replicated with a UV-cuzabl
polymer from a negative metal master fabricatedrixgro-
diamond turning at the LFM in Bremen. The mastet e
replication are shown in figure 2 and 3.

Fig. 2: Metal master for fabrication of the beam splitters

Fig. 3:: Replication in a transparent polymer
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Efficient coupling using GRIN-rod lenses

F. Merchan, K.-H. Brenner

In optical communication systems the key factor foi
assuring a high signal quality is the light effiutg of the
coupling system. The divergent beam coming from
VCSEL has to be coupled into the optical fiberhegt $ender
side and for the receiver the beam coming fromagbigcal
fiber has to be coupled into the photodiode. Ineortb
collect the divergent light we proposed the use GRIN- W EDS
rod lens [1]. We compared mathematical models
simulations and laboratory experiments in ordecdofirm
the increment of coupling efficiency when usingstbevice
in a coupling system.

For the description of the GRIN lens the paraxial
approximation of the ABCD Matrix was used in whiah
perfect imaging can be achieved, when the workin
distances fulfill the following equation:

o > — d1=130pm; e d1=130um i
atar(d2 anz) * ata(|dl B, 'F'z) d2(calculated)=132m ™
L d2(measured)=130pm
+E\] _Znonrz =TT ;

which is valid for a parabolic index profile of tf@m
n(r) =n, +n,r*

Fig. 2: Sketch of the first setup for verification of tB&IN
imaging characteristics
In the fig. 3 some images of the end surfaces aiNaGens
Snd imaged fiber end surface are shown

GRIN-lens
Fig. 3: End Surface of the GRIN rod (left) and of the fieght)
Objec Image The fig. 4 shows that the results predicted by themd
those obtained in practice are in good agreement.
i i d, [um]
d1 L d2 : 300
Fig. 1: Imaging through a GRIN lens [ N ™ cutat
1g. 1: ging g . 250 . caleulation
—_—d2
We use the Sellmeier formula in order to treat elisipn 200 - simulation
2 _ 2 Arzef 150 +:Eensuremenl o
nzemax(A!r)_nref (r)+K1(r) 1_7 - \
100
nref(r):n0+nr2 D'2-"nr4 E4 50 &
Kl(r) =K, K02 (r)
that can be developed in a power series as follows o ‘
p p 40 90 140 190 240

_ 2
Ny (4,r) = ”o()l) + ”rz(/‘ ) o Working distance to object d,

X A2 -1 2f Fig. 4: comparison of calculation, simulation and measergm
no(/]): rb+(K11+K13n20) 2 . o . )
The coupling efficiency was considerably increasgd b
A=Az using a GRIN-rod lens.
“rz(/‘)= %&2)(1+ K13 Azref] g
Ny

. . eferences:
The theoretical model was compared to experimental

results. The setup of fig. 2 was used to evaluaeimage [1] F. Merchan, X. Liu, K-H. Brenner, “Effiziente

definition and some statistical measures like FWHRAI( Faserkopplung mit Gradientenindex-Stablinsen”, DGaO-

Width at Half Maximum) of intensity distributions at pyyceedings (Online-zeitschrift der Deutschen Geselt

different work distances. far angewandte Optik e. V.), ISSN: 1614-8436, 111.
Jahrestagung in Wetzlar, (2010)
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Fabrication of integrated optical coupling structures

F. Merchan, K.-H. Brenner

GRIN-lens when the working distance between the FICS

High speed short-range interconnects have become aad the fiber is above 70 um.

multidisciplinary research since the data links sisinnot
only of electrical- but also of optical componentEhis
combination offers at first, a utilization of thevantages of
optics over electronics for signal transmissionhsas lower
energy, lower noise-figure and light-weight cablasd
second, it also offers the advantages of electdoahectors
like simplification of the handling, which is oftedifficult
with optical connectors.

The research in this project is based on the dedipgn
integration and fabrication [2] of optical microtqaers and
the design of the electronic systems used for gkt df the
optical systems. The optical system is shown imrégl.
The coupler integrates mechanical systems likefuheel,
the guide and the spacer; optical systems likefiez, the

Fig. 2: Fabricated single channel metal-master

(Gradient Index) GRIN-Lens and the mirror; and the

optoelectronic components, in this case a VCSEL e
correspondent electrical connections.

Fig. 1: 3D model of the optical system used to couplet lfghm a
VCSEL into a multi-mode fiber.

(W]
25

20 \
15

—#=Measured power without
GRIN-Lens [pW]

—l-Measured power with
GRIN Lens [uW]

134

9 W95

5 29

0 T T T T 02

0 30 100 130 200 250

3[I]U [um]

Fig. 3: Comparison of coupled power for two systems:
with and without GRIN-lens
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Non-stereoscopic method for deflectometric measureznt of
reflecting surfaces

E. Slogsnat, K.-H. Brenner

Introduction

In systems biology there is a demand for acceldrate
age acquisition, especially when performing genovite
screens.

In this research project a method was developeslina-
nate the focus search, which is the most timeeatitiactor.
Focussing is needed, when different positions enlstrate
are examined. The refocusing is necessary dueetdéefor-
mations of the glass substrates used in microscbpgse
are 50- to 100-times larger than the depth of filg elimi-
nating the focusing step, the data throughput isapced
significantly.

Ambiguity of surface normal determination
Deflectometry is used to determine the height dmrna
of the glass layer. In deflectometry, the slopethefsurface
can be measured by observing a regular patterlecred

from the glass surface.

General deflectometric methods are subject to dnigam
ity regarding the determination of the surface ralemAs-
suming that the position of one point in the pattisrfound
in the sensor plane, the corresponding camera aaybe
calculated directly. Back tracking this ray yielesny pos-
sible surfaces — and therefore normals — whiclecefthe
pattern point into the camera.

This approach uses a priori information about tindase
and an iterative algorithm to resolve this ambiguit

Non-stereoscopic surface reconstruction

It is assumed that the surface has a smooth heisgfhibu-
tion without discontinuities and that its bordeéesdn a hold-
ing frame (Fig. 1).

MM g wrveeepemne @7 o0
mlnregionz """ bovsrsssssess !

Fig. 1: Original surface lying on a frame and two reconstad
surfaces with wrong start heights

A self-consistent iterative method is used to rstact a
surface corresponding to a given start height. Maight
values are approximated from gradient data by edhiftase
functions.

The first reconstruction is done with an arbitrestart
height. If the start height does not match theemrone the
reconstructed surface shows a slight deformatiah-am-
portantly here — a characteristic tilt (Fig. 1).

The tilt is visible in the difference between thenima in
the surface’s frame regions:
Ahmin = minregionl_ minregionz
If the absolute value of\h;, is equal or below a given

threshold, the algorithm stops and the height ibistion of
the measured surface is obtained with high accuracy
In the other case, the sign ah,,, defines the direction

in which the start height has to be alteredAK,,, is posi-
tive, the start height has to be increased\hf,, is negative

the start height has to be decreased. The stepisside-
creased, if a change in the direction occurs. Téeother
reconstruction with the new value is performed.
Fig. 2 shows the reconstruction result for a sitada
height distribution.
'n.mms lo.m#

0.034549 D,000513

| |0.0z1703 0.000342

0.008857

I -0,003930

Fig. 2: Reconstructed height distribution and absoluteigadf the
difference between reconstructed and simulatedhbelgstribution
(units: mm)

0,000171

0,000000

‘0 5 0
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Miniaturized parallel microscopy

E. Slogsnat, K.-H. Brenner

Introduction

Demonstrator

When performing genome-wide screens in systems biol To analyze the image quality and the assembly efai-
ers, a demonstrator for the imaging path was sefFigp 2
and Fig. 3).

ogy, a large number of single experiments is olexbwith
fluorescence-microscopy. Typically automated wiiddf
microscopes are used for this task.

To accelerate the image acquisition, an opticaiesygor
a miniaturized parallel fluorescence-microscope wias
signed.

Parallelization

The ratio of lens diameter to field of vie® (FOV) is a
limiting factor for the parallelization. In additioto the de-
gree of parallelizatiofNs,,, the scan distanad.,,and the
velocity Vecan, the scanning tim& primarily depends on this
factor:

D 1

L scan

" FOV N_ v

scan

Scaling of an Optical System

When scaling an optical system down, the off-akisrea-
tions are also scaled, which is advantageous regpttie
FOV.

It can be shown, that an advantageous rBti-OV is
reached by scaling down the system (scaling fagtorl).
Additionally the parallelization in the scan diriect can be
used more efficiently.

Then the following relationship applies for the rsd¢ame

T!
T-s/s

Conceptual Design

The optical system consists of three layers: Talguhe
excitation light to the object, a beamsplitter layesides
between two GRIN-lens arrays, which are fixed oasgl
substrates (Fig. 1).

Object plane
Alignment structure

Fig. 2: Sketch of the optical demonstrator system.

Fig. 3: Left SU-8 mounting structure; Middl&SRIN-lenses on the
image side; RightGRIN-lenses on the object side

The optical system was optimized for use with therb-
phore DAPI. The assembled demonstrator consistewsf
parallel optical channels with an NA of 0.44, a mifiga-
tion of 4.29, a field of view of 400 um and a lafiameter
of 2 mm. With this system 125 line pairs/mm wersofeed
precisely (Fig. 4).

] 1i' |
I
il if ‘

| | |
LN [
(A (I

1

w IUH: I

|
i
}Hu (A Attt
I \1 (Il (I
i | !
Il

Il
R

Fig. 4: 125 line pairs/mm_(Lefsimulation, Rightdemonstrator)

i
HHHM,

Beamsplitter layer

Image plane

* Excitation beam
* Image beam

Fig. 1: Integration scheme of the miniaturized parallelofies-
cence-microscope
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Guiding structures for splicing single-mode fibres
using deep UV lithography fabrication

X. Liu, K.-H. Brenner

Optical fibres are used in a range of data comnatioic
applications, such as Wide Area Networks, Fibréam-
Home, Rack-to-rack interconnects. Since single-m&hé)
fibres can realize the transmission of broadbagdass, a
cost-efficient coupling method for SM fibres becania-
creasingly important. The splicing method introdiibere is
executable with standard instruments. The spliginoce-
dure is simple and quick. The transmission lossydver,
resembles values achievable through the convemtitbea
mal splicing, requiring trained personnel with speequip-
ment.

Deep lithography is used here for the fabricatiba pre-
cise guide structure for aligning SM fibres. Durisigicing,
the fibre ends are aligned precisely in the guitlecture.
Finally they are bonded using a UV curing adhedrigure
1 shows the layout of the guide structure. Thehsligpering
(figure 1a) allows easy insertion of the fibreseTrarrowing
of the guide channel toward the substrate surfigeré¢ 1b)
guarantees that the fibres are clamped to the ratés{To
minimize angular misalignment the guide structgré imm
in length. It is divided into several sub-segmewtseduce
stress induced by thermal expansion. By a replingpiroc-
esses, these guide structures can be fabricatett
efficiently and precisely in large numbers.

@
%L 8 8 — — ) [ J\%
&\r I e S— — ] ol 3
L 6000um N ™=
funnels to simplify the insertion of fibers
(b) (©)

(N

Fig. L (a) Layout of the guide structures, each withragth of
6mm. (b) An undercut sidewall profile. (c) A setgnfide structures
with coupling fibres inserted.

% -

The lithographic process comprises the followingpst
substrate cleaning and dehydrating, photo resistinsm,
pre-bake, exposure, post-exposure bake and devetdp
detailed description with initial parameters canféaend in
[1]. In prior experiments, the guide structures eveuccess-
fully implemented in the construction of a fibreso@ator on

a so-called “Atom Chip”. Calculated from the measur

finesse of the resonator, a transmission lossGif3@B was
achieved in the experiment [1].

In our experiments, a negative copy of a mastem feo
lithographic process was formed in a thermally dupely-
mer, PDMS. This copy was then used as master imeke
UV replication process. The PDMS stamp can be usa

quently formed in a UV curable polymer. This is firel
guide structure that was used for splicing. A dethide-
scription of thermal and UV replication with initiparame-
ters can be found in [2]. Before the splicing phae, SM
fibres were polished to attain clean fibre endse Tibres
were then inserted into the channel until they ¢@ueach
other in the middle of channel, whereupon a drofJuf
adhesive is applied and subsequently cured by expos
under a UV light. The undercut sidewall profile rolas the
fibres and ensures their position with a lateraatgnment
smaller than 0.5um. Despite the small tolerandes fibres
can be moved by hand longitudinally inside the clehmand
can be freely manoeuvred in proximity to each otigeto a
separation distance of 5um.

In the splicing procedure, a small gap betweenfitire
ends is bridged with UV adhesive polymer. The lcassed
by mismatch-induced reflection can be estimatednftbe
refractive indices (figure 2 left). Another contiiipn to the
transmission loss originates from divergence ofttkam in
the gap between the fibre ends. This loss can loelated
by use of the overlap integral (figure 2 middle).siynifi-
cant contribution to transmission loss is causeddbgral

cawnisalignment of the fibre cores. It can result fronperfect

centring during manufacture and also from improgléyn-
ment of the fibres during the splicing procedurhisTloss
can also be determined by the overlap integralufég2
right).

02t/

~0288

L \ J
05 0 05 1
Iateral misalignment in ym

0.0; LY i r L
03 02 01 0 01 02 03 o 2 4 & 8 10
longitudinal misalignment in ym longitudinal misalignment in ym

(a) (b) ()
Fig. 22 Transmission loss through multiple reflectiorftflediver-
gence loss (middle) and loss caused by decentigigt), The
wavelength assumed for the calculation was 650nm.

To analyse the coupling efficiency, two 5m SM fibre
were bonded. Figure 3 illustrates the measuremetuips
The net loss caused only by splicing amounted144xiB.

5m single-mode fiber 5m single-mode fiber

replicated

pigtail-laser fiber guiding structures

—_— = —
reference |, UV adhesion output |

Fig. 3: Measurement setup for determination of transimiskiss
after splicing.
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