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Foreword

Thechair of optoelectronicsbeganits work in thesummerof 1996asoneof thefirst chairs of thenewly establis-
hedcourseof studies,Technische Informatik (Computerengineering)at the university of Mannheim.Sincethis
wasoneof thefirst technically orientedchairs in the faculty, specialthankhasto beattributedto theuniversity
adminstration for assistingin thefast formationof our experimentalresearch environment.Several contributions
in this report confirm,that after oneyear of constructingthe labs, the componentfabrication hasnow become
routine. With threeopticslabs,oneprocesslaboratory and onecleanroom,the chair of optoelectronicsis now
in thepositionto continueits research in optical microintegration of componentsfor optical communicationand
processing. Otherresearch topicsalsohavebeenincluded.Sothefacilities for measuringandtesting, which were
availablein Erlangen,had to be reconstructedhere. With oneof my assistants,U. Krackhardt, alsoexpertisein
three-dimensionalmetrologywasadded.

Thenew studentsof computerengineeringare now in their 3. Semesterand it will take anothertwo years until
they begin their masters thesis(Diplom).Therefore weare verygratefulthat someof themare alreadyhelpingin
thelabson thebasisof socalledHIWI jobs.

Thisreportdescribestheresultsof our efforts during this first yearof research andwehopethat thereaders will
find interestin someof thesetopics.

Karl-HeinzBrenner
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Designtool for systemsof stackedmicro lenses

K.-H. Brenner

For the designof optical systems,ray tracing is commonlyused.This approachis alsovalid for micro optical
systems,sincetheeffectsof diffractionandrefractioncanbeseparated.If micro lensesfabricatedby ion exchange
in glassareto beincludedin thesystemanalysis,ray tracingin inhomogeneousmediais necessary. Conventional
ray tracingsoftwareonly supportsa limited numberof simpleindex models.Previouswork hasshown that the
waveaberrationsaswell astheimagequalitydependverysensitively on theindex distribution.We thereforehave
developeda designtool, which allows to take measuredindex distributionsinto accountfor computingthe ray
path.ThesimulationusesthestandardRunge-Kuttaalgorithmto solve thedifferentialequation

∂2�r
∂τ2 � ngrad� n�

with thepathelementdτ � ds
n . Presentlyimplementedmodelsof index distribution includecylindrical andspheri-

caldistributionswith n � r � � n0 	 ∆nmax 
 f � r
r0
� andthenormalizedfunction f � x� representedasapolynomialwith

orderup to 12.Thepresentmodelalsoincludessphericallensesandprismswith homogeneousindex.

Fig. 1 Main window of designsoftware Fig. 2 Window for componentediting

The parametersfor describinga componentare sum-
marizedin fig. 2 for the caseof a GRIN lens.All the
parametersof a componentcanbe chosenas variable
andmodifiedinteractively asshown in fig. 3. Thusthe
effectsof modifying any parametercanbeobservedin
realtimesincethetraceupdateoccursin approx.10ms. Fig. 3 Sliderfor interactiveadjustmentof variable

systemparameters

References
[2] J.Bähr, K.-H. Brenner, Realizationandoptimizationof planarrefractingmicrolensesby Ag-Na ion-exchange
techniques,AppliedOptics.35,5102-5107,(1996)
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Demonstration of stacked microoptical system with large numerical
aperture

R.Klug,K.-H.Brenner

In the field of microopticsthereis a demandfor objectiveswith largenumericalapertures(NA). An exampleis
opticalstorage,whereNA � 0.5is required.For planarmicrolenses(PMLs)theNA is determinedby themaximal
index differenceandthedegreeof exchange[2] andreachestypical valuesof 0.13-0.2.Thusstackingis needed
to build high NA objectivesfrom PMLs.As anexample,we realizeda confocalsensorheadfrom four microlens
arraysandfrom onepinholearraymask.Thesystemdesignis shown in figure1.

310 µm 310 µm 310 µm210 µm 210 µm 350 µm

Glass Glass Glass GlassGlass Air

f1=1300µm f2=630µm f3=650 µm f4=960 µm

Fiber of 
light source

Fiber of detector

Pinhole

∅50µm

∅15µm

Substrate 0 1 2 3 4

Figure1: Systemdesign

Thesensoris illuminatedby a multimodefiberwith a corediameterof 50 µm.
Theilluminating light travelsthrougha 50 µm pinholein substrate0 andthen
throughfour microlenslayers.Theendof theilluminatingfiber is imagedonto
theopticalaxisof the fourth microlenswith unit magnification.Theworking
distanceof thesystemis 350µm. Accordingto theconfocalprinciplethelight
reflectedor scatteredfrom theobjectreachesthedetectorfiber only if theob-
ject is at theworking distance.Oneimportantadvantageof our designis that
the illuminating light usesa differentpath than the reflectedlight, thus this
systemrequiresno beamsplitterandthereareno disturbingbackreflectionsin
thesystem.Wehaverealizedanarrayof 16x32confocalimagingsystemsona
grid with 500µm x 250µm pitch.
ThePMLswerefabricatedby field assistedAg-Naion-exchange.Thesubstra-
teswerealignedundera microscopeby the aid of concentriccircleswith 5
µm accuracy andfixedtogetherwith UV-curingglue.Figure2 shows theaxial
responseof the sensorheadwithout pinholes,whena mirror at the outputis
scannedlongitudinally. Thefull width athalf maximumof theintensityis 100
µm,whichis in agreementwith thetheory, if apinholeof 50µm diameter(fiber
core)is assumed.
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Figure2: Axial response
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Figure3: Light propagationafter
thesensorhead

Figure3 shows the measuredlight propagatingin air behindthe substrate4 (S. Fig. 1), whendetectorfiber and
sourcefiberareilluminatedatthesametime.Thehatchedareashowsthoselocations,wherethemeasuredintensity
exceedsthebackgroundnoise.Theslopeof theouterlinesin figure4 is 0.328rad,thereforetheNA of thesensor
headis 0.32.TheentranceNA of thesystemon thefibersideis 0.17,while theNA of all PMLs is only 0.13.
Wedemonstrated,thatopticalsystemdesigncanbeappliedto stackedmicrolensesandwehaveverifiedthisdesign
in anexperiment.

References
[2] J.Bähr, K.-H. Brenner, Realizationandoptimizationof planarmicrolensesby Ag-Naion exchangetechniques,
Appl. Opt.35,5102-7(1996)
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5 Investigationof the stability of the algorithm for iterati ve index recon-
struction

J. Bähr, K.-H. Brenner

Thealgorithmfor reconstructingthe3D index distributionfrom interferometricmeasurementsdescribedin [1] was
shown to beperfectfor noiselessdataandevenfor nonmonotonuousindex distributions[4]. Herewe reportthe
stability of thealgorithmfor noisydataandmeasurementerrors.For thesimulationa randomphasewith a mean
amplitudeof 0 + 1λ wasaddedto a givenphasedistribution, which is comparableto theaccuracy of experimental
data(fig. 1). The reconstructionthen shows an increasingdeviation in the centerregion (fig. 2). The statistic
deviationswerediminishedby a subsequentlow passfiltering of thereconstructeddata.Fig. 3 demonstratesthat
thereconstructionthenis in goodagreementwith theoriginal index distribution.Thereconstructionshows good
stability againstsingularmeasurementerrors,suchasmissingdata.Although threesamplingpointswereset to
zero(fig. 4), the reconstructionshows goodconsistencewith the original datain a sufficient distancefrom the
measurementerrors(fig. 5). Finally we investigatedthesensitivity concerningthedeterminationof thecenterof
the phasedistribution. If the samplingvaluesareshiftedlaterally from the centerof symmetrythe geometryof
thedistribution is expectedto beincorrect,which leadsto wrongpropagationlengthswithin certainzonesof the
distribution.Foraradiallysymmetricdistributionthelateralshift of thedatacanbeexpressedby thetransformation
r ,i - r i 	 dx andx, j - x j 	 dx. Thelight pathin a singlezoneis givenby

L � x, j . r , j / 1 �10 L � x, j . r , j � �32 r2
i / 1 	 2r i / 1 
 dx 0 x2

j 0 2x j 
 dx 0 2 r2
i 	 2r i 
 dx 0 x2

j 0 2x j 
 dx

For examinationof theoutmostzone j � i 4 x j � r j thelight pathcanbewrittenas

L � x, j . r , j / 1 �10 L � x, j . r , j � � 2 � r i 	 ∆x� 2 	 2 � r i 	 ∆x� 
 dx 0 r2
i 0 2r i 
 dx �65 2r i 
 ∆x 	 ∆x2 	 2∆x 
 dx

with r i / 1 � r i 	 ∆x and∆x is thedistancebetweenthesamplingpoints.Accordingto thelastequationthelateral
shift becomessignificantfor the centralzonesfor the calculationof the light path.Fig. 6 demonstratesthe sen-
sitivity to shifteddata.In this examplea shift of only two samplingpointsleadsto anerrorof about10%of the
centervalueof theindex distribution.Fromthatpoint of view thecentralpoint of thephasedistributionhasto be
determinedveryaccurate.

Investigation of the stability of the algorithm for iterative index reconstruction
J. Bähr, K.-H. Brenner

In earlier works we demonstrated that the reconstruction of noiseless data is perfect even for non-
monotonous distributions [1,2]. In this article we discuss the behaviour with noisy and distorted data,
which is a common distorsion of phase measurement in a transmission interferometer in practise.

For simulation, a random phase with an ampli tude of 0.1 lambda was added to a given phase
distribution which is due to the accuracy in experimental conditions (fig. 1). The reconstruction of these
data is consistent to the original index distribution but shows an increasing deviation in the center region
(fig. 2). To improve of the accuracy we did a median fil tering over 15 sampling points of the phase
distributuion. Here we obtained a maximum deviation of 3.8% and a standard deviation of 8.9 10-3 from
the original data (fig.3). The reconstruction also shows good stabili ty against singular phase errors, for
example missing data. For three sampling points were were set zero (fig. 4), the index reconstruction
shows good consistence with the original data outside the distorsion (fig. 5).

If the sampling values of the phase distribution are shifted laterally the geometry of the distribution is
calculated incorrect, which leads to wrong distance values the light has to travel in a certain zone of the
distribution. For a radial symmetric distribution the lateral shift of the data can be expressed by the
transformation r´i→ri+dx and x j́→xj+dx. The light path in a single zone is then given by

              ( )L x r L x r r r dx x x dx r r dx x x dxj i j i i i j j i i j j′ ′ − ′ ′ = + ⋅ − − ⋅ − + ⋅ − − ⋅+ + +, ( , )1 1
2

1
2 2 22 2 2 2      [2]

 For examination of the outmost zone j i x rj i= ⇒ =  the light path can be written as

 ( ) ( ) ( )L r r L r r r x r x dx r r dx r x x x dxi i i i i i i i i′ ′ − ′ ′ = + + + ⋅ − − ⋅ = ⋅ + + ⋅+, ( , )1

2 2 22 2 2 2∆ ∆ ∆ ∆ ∆

 with ri+1=ri+∆x and ∆x is the distance between the sampling points. According to the last equation the
lateral shift becomes significant for the central zones for the calculation of the light path. Fig. 6
demonstrates the sensitivity to shifted data. In this example a shift of only two sampling points leads to
an error of about 10% of the center value of the index distribution. From that point of view the main
point of the phase has to be determined very accurate.
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Investigation of the stability of the algorithm for iterative index reconstruction
J. Bähr, K.-H. Brenner

In earlier works we demonstrated that the reconstruction of noiseless data is perfect even for non-
monotonous distributions [1,2]. In this article we discuss the behaviour with noisy and distorted data,
which is a common distorsion of phase measurement in a transmission interferometer in practise.

For simulation, a random phase with an ampli tude of 0.1 lambda was added to a given phase
distribution which is due to the accuracy in experimental conditions (fig. 1). The reconstruction of these
data is consistent to the original index distribution but shows an increasing deviation in the center region
(fig. 2). To improve of the accuracy we did a median fil tering over 15 sampling points of the phase
distributuion. Here we obtained a maximum deviation of 3.8% and a standard deviation of 8.9 10-3 from
the original data (fig.3). The reconstruction also shows good stabili ty against singular phase errors, for
example missing data. For three sampling points were were set zero (fig. 4), the index reconstruction
shows good consistence with the original data outside the distorsion (fig. 5).

If the sampling values of the phase distribution are shifted laterally the geometry of the distribution is
calculated incorrect, which leads to wrong distance values the light has to travel in a certain zone of the
distribution. For a radial symmetric distribution the lateral shift of the data can be expressed by the
transformation r´i→ri+dx and x j́→xj+dx. The light path in a single zone is then given by

              ( )L x r L x r r r dx x x dx r r dx x x dxj i j i i i j j i i j j′ ′ − ′ ′ = + ⋅ − − ⋅ − + ⋅ − − ⋅+ + +, ( , )1 1
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 For examination of the outmost zone j i x rj i= ⇒ =  the light path can be written as

 ( ) ( ) ( )L r r L r r r x r x dx r r dx r x x x dxi i i i i i i i i′ ′ − ′ ′ = + + + ⋅ − − ⋅ = ⋅ + + ⋅+, ( , )1
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 with ri+1=ri+∆x and ∆x is the distance between the sampling points. According to the last equation the
lateral shift becomes significant for the central zones for the calculation of the light path. Fig. 6
demonstrates the sensitivity to shifted data. In this example a shift of only two sampling points leads to
an error of about 10% of the center value of the index distribution. From that point of view the main
point of the phase has to be determined very accurate.
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Investigation of the stability of the algorithm for iterative index reconstruction
J. Bähr, K.-H. Brenner

The algorithm for reconstructing the 3D index distribution from interferometric measurements described
in [1] was shown to be perfect for noiseless data and even for non monotonuous index distributions [2].
Here we report the stability of the algorithm for noisy data and measurement errors.

For the simulation a random phase with a mean ampli tude of 0.1 lambda was added to a given
phase distribution, which is comparable to the accuracy of experimental data (fig. 1). The
reconstruction then shows an increasing deviation in the center region (fig. 2). The statistic deviations
were diminished by a subsequent low pass fil tering of the reconstructed data. Figure 3 demonstrates that
the reconstruction then is in good agreement with the original index distribution.

The reconstruction also shows good stabili ty against singular measurement errors, such as
missing data. Although three sampling points were set to zero (fig. 4), the reconstruction shows good
consistence with the original data in a sufficient distance from the measurement errors (fig. 5).

Finally we investigated the sensitivity concerning the determination of the center of the phase
distribution. If the sampling values are shifted laterally from the center of symmetry the geometry of the
distribution is expected to be incorrect, which leads to wrong propagation lengths within certain zones
of the distribution. For a radially symmetric distribution the lateral shift of the data can be expressed by
the transformation r í→ri+dx and x j́→xj+dx. The light path in a single zone is then given by

( )L x r L x r r r dx x x dx r r dx x x dxj i j i i i j j i i j j′ ′ − ′ ′ = + ⋅ − − ⋅ − + ⋅ − − ⋅+ + +, ( , )1 1
2

1
2 2 22 2 2 2

 For examination of the outmost zone j i x rj i= ⇒ =  the light path can be written as

 ( ) ( ) ( )L r r L r r r x r x dx r r dx r x x x dxi i i i i i i i i′ ′ − ′ ′ = + + + ⋅ − − ⋅ = ⋅ + + ⋅+, ( , )1

2 2 22 2 2 2∆ ∆ ∆ ∆ ∆

 with ri+1=ri+∆x and ∆x is the distance between the sampling points. According to the last equation the
lateral shift becomes significant in central zones for the calculation of the light path. Fig. 6 demonstrates
the sensitivity to shifted data. In this example a shift of only two sampling points leads to an error of
about 10% of the center value of the index distribution. Therefore the center of the phase distribution
has to be determined very accurately.
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Investigation of the stability of the algorithm for iterative index reconstruction
J. Bähr, K.-H. Brenner

In earlier works we demonstrated that the reconstruction of noiseless data is perfect even for non-
monotonous distributions [1,2]. In this article we discuss the behaviour with noisy and distorted data,
which is a common distorsion of phase measurement in a transmission interferometer in practise.

For simulation, a random phase with an ampli tude of 0.1 lambda was added to a given phase
distribution which is due to the accuracy in experimental conditions (fig. 1). The reconstruction of these
data is consistent to the original index distribution but shows an increasing deviation in the center region
(fig. 2). To improve of the accuracy we did a median fil tering over 15 sampling points of the phase
distributuion. Here we obtained a maximum deviation of 3.8% and a standard deviation of 8.9 10-3 from
the original data (fig.3). The reconstruction also shows good stabili ty against singular phase errors, for
example missing data. For three sampling points were were set zero (fig. 4), the index reconstruction
shows good consistence with the original data outside the distorsion (fig. 5).

If the sampling values of the phase distribution are shifted laterally the geometry of the distribution is
calculated incorrect, which leads to wrong distance values the light has to travel in a certain zone of the
distribution. For a radial symmetric distribution the lateral shift of the data can be expressed by the
transformation r´i→ri+dx and x j́→xj+dx. The light path in a single zone is then given by

              ( )L x r L x r r r dx x x dx r r dx x x dxj i j i i i j j i i j j′ ′ − ′ ′ = + ⋅ − − ⋅ − + ⋅ − − ⋅+ + +, ( , )1 1
2
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 For examination of the outmost zone j i x rj i= ⇒ =  the light path can be written as

 ( ) ( ) ( )L r r L r r r x r x dx r r dx r x x x dxi i i i i i i i i′ ′ − ′ ′ = + + + ⋅ − − ⋅ = ⋅ + + ⋅+, ( , )1
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 with ri+1=ri+∆x and ∆x is the distance between the sampling points. According to the last equation the
lateral shift becomes significant for the central zones for the calculation of the light path. Fig. 6
demonstrates the sensitivity to shifted data. In this example a shift of only two sampling points leads to
an error of about 10% of the center value of the index distribution. From that point of view the main
point of the phase has to be determined very accurate.

 

-2 0 0 -1 0 0 0 1 0 0 20 0
lateral pos itio n  [arb. un its]

0 .0

2 0 .0

4 0 .0

6 0 .0

8 0 .0

10 0 .0

ph
as

e 
sh

ift
 [a

rb
. u

ni
ts

]

0 40 8 0 12 0 1 6 0 20 0
sam p ling po in ts

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

1 .2

in
de

x 
[a

rb
. u

ni
ts

]

radial index distribution

o riginal

rec onstruc te d from
n ois y data

0 40 80 120 160 200
s am p lin g p o ints

0.0

0.2

0.4

0.6

0.8

1.0

1.2

in
de

xi
 [a

rb
. u

ni
ts

]

ra dial ind ex  d is tribu tion

or ig ina l d ata

re co ns tru cted  fo rm
no is y d ata (m ed ia n 15  p oin ts )

m ax . de v.:  3 .8%
s tan d ard  d ev .:  8 .9  10 -3

Fig. 1  noisy data of a phase shift Fig. 2 reconstruction from noisy data Fig. 3 reconstr. after median filtering

-8 0 -4 0 0 4 0 8 0
lateral position  [arb. units]

0 .0

1 0 .0

2 0 .0

3 0 .0

ph
as

e 
sh

ift
 [a

rb
. u

ni
ts

]

phase d istribu tion

o riginal d ata

d istorted data

0 10 20 30 40 50
sa m p lin g po ints

-0.8

-0 .6

-0 .4

-0 .2

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

1 .2

1.4

in
de

x 
[a

rb
. u

ni
ts

]

radia l index  d istr ibu tion

origina l

re con stru cted  
from  n oisy  da ta

0 40 80 120 160 200
sampling points

0.0

0.2

0.4

0.6

0.8

1.0

1.2

in
de

x 
[a

rb
. u

ni
ts

]

rad ia l  index  d is tr ibu tion

original

reconstructed from
shifted data 
-2 sampling points

reconstructed from
shifted data
+2 sampling points

Fig. 4 defective phase data Fig. 5 reconstruction from defective
data

Fig. 6 incorrect reconstruction from
shifted data

Fig. 4 defectivephasedata

Investigation of the stability of the algorithm for iterative index reconstruction
J. Bähr, K.-H. Brenner

The algorithm for reconstructing the 3D index distribution from interferometric measurements described
in [1] was shown to be perfect for noiseless data and even for non monotonuous index distributions [2].
Here we report the stability of the algorithm for noisy data and measurement errors.

For the simulation a random phase with a mean ampli tude of 0.1 lambda was added to a given
phase distribution, which is comparable to the accuracy of experimental data (fig. 1). The
reconstruction then shows an increasing deviation in the center region (fig. 2). The statistic deviations
were diminished by a subsequent low pass fil tering of the reconstructed data. Figure 3 demonstrates that
the reconstruction then is in good agreement with the original index distribution.

The reconstruction also shows good stabili ty against singular measurement errors, such as
missing data. Although three sampling points were set to zero (fig. 4), the reconstruction shows good
consistence with the original data in a sufficient distance from the measurement errors (fig. 5).

Finally we investigated the sensitivity concerning the determination of the center of the phase
distribution. If the sampling values are shifted laterally from the center of symmetry the geometry of the
distribution is expected to be incorrect, which leads to wrong propagation lengths within certain zones
of the distribution. For a radially symmetric distribution the lateral shift of the data can be expressed by
the transformation r í→ri+dx and x j́→xj+dx. The light path in a single zone is then given by

( )L x r L x r r r dx x x dx r r dx x x dxj i j i i i j j i i j j′ ′ − ′ ′ = + ⋅ − − ⋅ − + ⋅ − − ⋅+ + +, ( , )1 1
2

1
2 2 22 2 2 2

 For examination of the outmost zone j i x rj i= ⇒ =  the light path can be written as

 ( ) ( ) ( )L r r L r r r x r x dx r r dx r x x x dxi i i i i i i i i′ ′ − ′ ′ = + + + ⋅ − − ⋅ = ⋅ + + ⋅+, ( , )1

2 2 22 2 2 2∆ ∆ ∆ ∆ ∆

 with ri+1=ri+∆x and ∆x is the distance between the sampling points. According to the last equation the
lateral shift becomes significant in central zones for the calculation of the light path. Fig. 6 demonstrates
the sensitivity to shifted data. In this example a shift of only two sampling points leads to an error of
about 10% of the center value of the index distribution. Therefore the center of the phase distribution
has to be determined very accurately.
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Investigation of the stability of the algorithm for iterative index reconstruction
J. Bähr, K.-H. Brenner

In earlier works we demonstrated that the reconstruction of noiseless data is perfect even for non-
monotonous distributions [1,2]. In this article we discuss the behaviour with noisy and distorted data,
which is a common distorsion of phase measurement in a transmission interferometer in practise.

For simulation, a random phase with an ampli tude of 0.1 lambda was added to a given phase
distribution which is due to the accuracy in experimental conditions (fig. 1). The reconstruction of these
data is consistent to the original index distribution but shows an increasing deviation in the center region
(fig. 2). To improve of the accuracy we did a median fil tering over 15 sampling points of the phase
distributuion. Here we obtained a maximum deviation of 3.8% and a standard deviation of 8.9 10-3 from
the original data (fig.3). The reconstruction also shows good stabili ty against singular phase errors, for
example missing data. For three sampling points were were set zero (fig. 4), the index reconstruction
shows good consistence with the original data outside the distorsion (fig. 5).

If the sampling values of the phase distribution are shifted laterally the geometry of the distribution is
calculated incorrect, which leads to wrong distance values the light has to travel in a certain zone of the
distribution. For a radial symmetric distribution the lateral shift of the data can be expressed by the
transformation r´i→ri+dx and x j́→xj+dx. The light path in a single zone is then given by

              ( )L x r L x r r r dx x x dx r r dx x x dxj i j i i i j j i i j j′ ′ − ′ ′ = + ⋅ − − ⋅ − + ⋅ − − ⋅+ + +, ( , )1 1
2

1
2 2 22 2 2 2      [2]

 For examination of the outmost zone j i x rj i= ⇒ =  the light path can be written as

 ( ) ( ) ( )L r r L r r r x r x dx r r dx r x x x dxi i i i i i i i i′ ′ − ′ ′ = + + + ⋅ − − ⋅ = ⋅ + + ⋅+, ( , )1

2 2 22 2 2 2∆ ∆ ∆ ∆ ∆

 with ri+1=ri+∆x and ∆x is the distance between the sampling points. According to the last equation the
lateral shift becomes significant for the central zones for the calculation of the light path. Fig. 6
demonstrates the sensitivity to shifted data. In this example a shift of only two sampling points leads to
an error of about 10% of the center value of the index distribution. From that point of view the main
point of the phase has to be determined very accurate.
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6 Comparison of several methodsfor measurementof the 3D index dis-
trib ution

J. Bähr, K.-H. Brenner

In earlierworkswedemonstratedthatthe3D index distributioncanbereconstructedfrom only oneinterferometric
measurementif the geometryof the distribution is known a priori [1]. In this article the resultsof the iterative
reconstructionmethod(RA) arecomparedto thoseobtainedby alternativemethodssuchastherefractednearfield
methodRNF [6], thediffractiontomography(DT) [10], dataobtainedby numericalsimualtionandtheinvestiga-
tion of thin slices[6]. Theobjectunderinvestigationwasa two dimensionalplanarGRIN-lens,sincethemethods
with exeptionof theiterativealgorithmandthediffractivetomographyarerestictedto 2-dimensionalstructures.
Themeasuredphasedistributionandthevalueof thewidth of themaskweretheinputdatafor theRA algorithm.
For fabricationwe useda line shapedmaskaperturewith a width of 80µm(fig. 1) in a thermalion exchangepro-
cess.
TheRNF-measurementis reportedto beaccuratefor measuringtheindex distributionof 2- dimensionalindex gra-
dientslike waveguides.Themethodis verysensitive to materialabsorptions.Thereforethemethodis limited to a
depthof sometensof micrometers,whichis sufficientfor waveguides- but not for microlenses.For concentration
profilesextending150µm into thesubstratethemeasurementis affectedevenby weakabsorption,resultingin a
measurementof higherindex.
The DT methodonly respondsto phaseshifts andthusallows a measurementalsofor large depths.A problem
associatedwith this methodis therequirementof a continuousindex distribution. This cannotbesatisfiedat the
substratesurfacesinceanindex jumpin thedirectionnormalto thesurfaceis inevitable.Dueto this theindex near
to thesubstratesurfaceis measuredinaccuratebut for largerdepthsthemethodis very reliable.
Theinvestigationof thin slicesrequiresaccurateknowledgeof thethicknessof theglassslice.Theattainablereso-
lution in thisexperimentis thereforelimited at107 2. Thenumericalsimulationof theion exchangeprocessin fig.
2 wasdonewith thek-parametermodel[7] for a k valueof 3. In theregionunderthesurfacetheRA showsgood
agreementwith theRNF dataandtheresultsof thethin sliceinvestigation.For largerdepththedatafit very well
to thoseof theDT.

To summarizetheRA canbeusedfor acharacteri-
sationof the threedimensionalindex distribution.
It showsgoodagreementto theDT andRNFwhe-
re thodemethodsareapplicable.
The autors thank W. Singer, B. Dobler and B.
Messerschmidtfor the DT, the RNF andthe thin
slicemeasurement.
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Comparison of several methods for measurement of the 3D index distribution
J. Bähr, K.-H. Brenner

In this article the results of the iterative reconstruction method are compared to those obtained by
alternative methods such as the refracted near field method RNF [1], the diff raction tomography (DT)
[2], data obtained by numerical simualtion and the investigation of thin slices [2]. The object under
investigation was a zwo dimensional planar GRIN-lens, since the methods with exeption of the iterative
algorithm and the diffractive tomography are resticted to 2-dimensional structures.

The measured phase distribution and the value of the width of the mask were the input data for the
iterative index reconstructuion algorithm (RA). For fabrication we used a line shaped mask aperture
with a width of 80µm (fig. 1) in a thermal ion exchange process.

The RNF-measurement is reported to be accurate for measuring the index distribution of 2-dimensional
index gradients like waveguides. The method is very sensitive to material absorptions. Therefore the
method is limited to a depth of some tens of micrometers, which is suff icient for wave guides - but not
for microlenses. For concentration profiles extending 150µm into the substrate the measurement is
affected by absorption, thus gives rise to the measurement of higher index.

The DT method only responds to phase shifts and thus allows a measurement also for large depths. A
problem associated with this method is the requirement of a continuous index distribution. This cannot
be satisfied at the substrate surface since an index jump in the direction normal to the surface is
inevitable. Due to this the index near to the substrate surface is measured inaccurate but for larger
depths the method is very reliable.

The investigation of thin slices requires accurate knowledge of the thickness of the glass slice. The
attainable resolution in this experiment is therefore limited at 10-2. The numerical simulation of the ion
exchange proces is due to the k-parameter model [3] for a k value of 3.
In the region under the surface the RA shows
good agreement with the RNF data and the
results of the thin slice investigation. For
larger depth the data fit very well to those of
the DT. To summarize the RA can be used for
a characterisation of the threedimensional
index distribution. It shows good agreement to
the DT and RNF where thode methods are
applicable.

The autors thank W. Singer, B. Dobler and B.
Messerschmidt for the DT, the RNF and the
thin slice measurement.
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In this article the results of the iterative reconstruction method are compared to those obtained by
alternative methods such as the refracted near field method RNF [1], the diff raction tomography (DT)
[2], data obtained by numerical simualtion and the investigation of thin slices [2]. The object under
investigation was a zwo dimensional planar GRIN-lens, since the methods with exeption of the iterative
algorithm and the diffractive tomography are resticted to 2-dimensional structures.

The measured phase distribution and the value of the width of the mask were the input data for the
iterative index reconstructuion algorithm (RA). For fabrication we used a line shaped mask aperture
with a width of 80µm (fig. 1) in a thermal ion exchange process.

The RNF-measurement is reported to be accurate for measuring the index distribution of 2-dimensional
index gradients like waveguides. The method is very sensitive to material absorptions. Therefore the
method is limited to a depth of some tens of micrometers, which is suff icient for wave guides - but not
for microlenses. For concentration profiles extending 150µm into the substrate the measurement is
affected by absorption, thus gives rise to the measurement of higher index.

The DT method only responds to phase shifts and thus allows a measurement also for large depths. A
problem associated with this method is the requirement of a continuous index distribution. This cannot
be satisfied at the substrate surface since an index jump in the direction normal to the surface is
inevitable. Due to this the index near to the substrate surface is measured inaccurate but for larger
depths the method is very reliable.

The investigation of thin slices requires accurate knowledge of the thickness of the glass slice. The
attainable resolution in this experiment is therefore limited at 10-2. The numerical simulation of the ion
exchange proces is due to the k-parameter model [3] for a k value of 3.
In the region under the surface the RA shows
good agreement with the RNF data and the
results of the thin slice investigation. For
larger depth the data fit very well to those of
the DT. To summarize the RA can be used for
a characterisation of the threedimensional
index distribution. It shows good agreement to
the DT and RNF where thode methods are
applicable.

The autors thank W. Singer, B. Dobler and B.
Messerschmidt for the DT, the RNF and the
thin slice measurement.
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7 RasteredGrey–ToneMaskswritten by Laser–Lithography

K.-H. Brenner, U.W. Krackhardt

Themostcommonapplicationof laserlithography(seealsoarticle in this report)is binarystructuringof a sub-
strate.However, therearesomeapplicationsrequiringquasi–analogtransmissioneitherwith respectto phaseor
amplitude.That is, phasegratingsor grey–tonemaskswith multilevel or evencontinuousdistributionshave to be
realized[5].
A well known techniquefor fabricatingcontinuousphasestructuresis to spatiallycontroltheexposuredose.This,
howeverrequiresspecialandexpensiveextraequipmentof thelithographicmachine.
Providedthelithographicprocesscanhandlesmallerstructuresthancanberesolvedby theopticalsystemin which
the fabricatedcomponentwill beused,a binarycodingof continouslevels is sufficient. In this approach,we ap-
plied a techniquefor rasteringgrey level images,which wasdevelopedby us earlier. The techniquechoosen,is
basedon clusteredthresholdmatricessinceit providesvery goodgreytonelinearity andgoodseperationof the
spatialobjectspectrumandthecarrierspectrum.
Thesubstrateconstistsof a glasssubstrate,a chromiumfilm anda photoresistlayeron top.

First the photo restist layer is structuredby lithogra-
phic exposureand subsequentdeveloping. Then, the
regionsnot coveredby photoresistareaccessibleby a
wet–chemicalprocessstep,whichremovesthechromi-
umfilm. Thus,anamplitudemaskis obtained.
Taking into accountthe limitationsof our lithographic
process(seean otherarticle in this report),we mana-
ged to composeany rasterpattern(seefig. 2) by ele-
mentaryfeatures(squares)with minimumedgesizeof
1 8 6µm. Figure1 shows a sectionof a rasteredsinusoi-
dal intensityprofile. The smallestfeaturesaresquares
of 2µm 9 2µm. The componentwasfabricatedfor use
in optical3D–metrologywith fringe projectiontechni-
que[3].

Fig. 1: Micrographof a 160µm-widesectionof a rastered
sinusoidalintensityprofile:; < => ? @A B CD E

Fig. 2: Sub–setof rasterpatternsof a dither–cellconsistingof 8x8elementaryfeatures.
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Laboratory Facilities

U.W. Krackhardt, M. Kraft

The chair of Optoelectronicshasinstalledlaboratoriesfor chemicalandlithographicprocessingandfor optical
research.
Thelithographicprocessingis performedin acleanroom:
Subtrates(e.g.glass,fusedsilica, or Si) coatedwith photoresistarestructuredby meansof a laser lithr ography
machineDWL 2.0from Heidelberg Instruments.

A laserbeam(HeCd,442nm)is focussedonthesubstrate
surface.Thesubstrateis placedon a moving tablewhich
is positioncontrolledby an interferometer. Themachine
is capableof writing structureswith a minimumfeature
sizeof 0.8 µm within an addressrasterof 50 nm. Since
theDWL is a matrix writer, thewriting time is indepen-
dent of the complexity of the structurebut dependson
the overall areato be exposed.An areaof about3 cm
x 3 cmcanbewrittenwithin 40min.,approximately. For
multilayerexposuresthemachineis equippedwith anali-
gnmentfacility providing anaccuracy of 200nm. G

Landscapeof thecleanroom

For multi–layerlithographythesubstratehasto berecoatedwith photoresistbetweeneachsubsequentlithographic
exposure.This is donewith a photoresistspinner which offershigh reproducabilitydueto programmablespin-
ningprofilesandautomaticcontrolof photoresistdose.
A subseqentexposurecanbeperformedeitherpointwiseby laserlithographyor in onestepby a mask aligner
with a lateralaccuracy of H 0 8 5µm.

A Reactive Ion Etching (RIE) machineis availableto transferthe structurefrom the photoresistlayer into
glass(e.g.for computerholography).Basedona physical/chemicalprocessglass(fusedsilica) is removedat regi-
onsnotcoatedby photoresist.
For characterizationpurposea microscope(max.magnification1200:1)equippedwith a CCD-cameraanda PC-
basedframegrabberis usedfor computeraidedprocesscontrol.Especiallyfor characterizationof surfaceprofiles
a PCcontrolledtactileprofiler with a depthresolutionof down to 50nmis applied.

Our threeoptic laboratories areeachequippedwith a vibrationdampedtablethatservesasa work benchfor
opticalhardwaredevelopment.
Oneof theselaboratoriesis usedfor opticalmetrology. For themeasurementsof opticalpathlengthsinterfer ome-
ters of theMach–Zehnder– andtheLinnik–typecanbeused.Thesoftwareis describedin anotherarticleof this
report.

In a processlaboratory anelectronsputtermachineenablesthedepositionof metallic layersontosubstrates.
This is usefule.g.for for realizationof opto–electroniccircuit boardsor for thein-housefabricationof substrates
which areusedfor ion–exchangein glass(seeanotherarticlein this report).Theset–upfor ion–exchangeis also
placedin thisprocesslaboratory.
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TransmissionInterfer ometerfor PhaseElements(Mach-Zehnder-Type)

ChristophPasson

To measurethephaseprofileof op-
tical elementsin the submillime-
ter rangean interferometerhasbe-
en setup. The setuppresentsa ty-
pical Mach-Zenderinterferometer
with thereferenceandthemeasure-
mentpathforming a rectangle(see
fig.1). At the input beamsplitter(5)
two different light sourcescan be
feed into the system. At the out-
put beamsplitter(10) the two opti-
cal pathsarejoinedandinterferein
theimageplane(12).
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Fig 1: Mach-ZehnderInterferometerSetup

In thereferencepaththedeflectingmirror (4) at thecornerof theopticalpathis mountedona piezoactuator(11),
whichcanbecontrolledby acomputer. Thepiezoactuatoris suppliedwith acapacitivedistancemetersupporting
positioncontrolin thesubnanometerrange.

A revolver with a selectionof 4 grey filters in the re-
ferencepath offer the ability to adjust differencesof
brightnessbetweenlight from the referenceand the
measurementpath,whichresultfrom absorbtionsof the
testobject(8). Identicalmicroscopeobjectives(9) at the
endof the referenceandmeasurementpathsimagethe
objectplaneto the imageplanewith zerophasediffe-
rencewhen no object is insertedin the measurement
path.An optionalmicroscopeobjective (7) in front of
thetestobjectcanbe insertedin themeasurementpath
to testsphericalphaseelementsby illuminating thetest
object with a spericalwave and measuringthe diffe-
rencebetweenthe resultingplanewave from the test
elementandtheplanewave from thereferencepath.A
selectionof microscopeobjectives(13) mountedon a
revolver in the exit pathof the interferometerproduce
imagesat differentmagnificationon the CCD camera
(1 x, 2.5x,5x). With thesemagnificationsthe fieldsize
on theCCDis 300µm, 600µm, 1.5mmrespectively.
Thecompletesetupis mountedonabreadboardwith 90
cm x 60 cm andis shieldedagainstair turbolencesby a
plasticcaseof 50 cm height.The systemis controlled
by a standardPCequippedwith a framegrabberboard.
The piezoactuatoris driven with a control box which
is connectedto thePCvia a serialport.Thetestobject
holderis mountedon a xyz stage,providing abilaty to
measureafield of 10cmx 10cmsize.Themanualcon-
trols of thexyz stageareplannedto beexchangedwith
computercontrolableactuatorsto allow fully automized
measurementof thefull measurementfield. J K L M

Interferogrammof a µ-lens-array(pitch250µm)
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PSM — Software for PhaseShift Interfer ometry

K.-H. Brenner, U.W. Krackhardt, S.M.Million, C. Passon

In orderto opticallycharacterizecomponentslike micro lensesmadeby ion exchange[1] or computerholograms
[8] PCcontrolledinterferometers(Mach–Zehnder– andLinnik–Type)have beensetup.Thesoftwarefor control-
ling the interferometersandfor evaluatingfringe datahasbeenwritten in–house,sincethis allows for quick and
easyimplementationof thelatestalgorithmsfor measurement,evaluationandpresentation.
Gernerally, thesoftwarecandometrologywith any kind of fringedataobtainedby realor syntheticphaseshifting.
Thereforethesoftwareis calledPSM asanacronym for PhaseShift Metrology. PSMhasbeenwrittenin PASCAL
with a tool for Rapid-ApplicationDevelopment(RAD) underMS-Windows95.
Theessentialgoalsfor thedesignof thissoftwareare:

1. Intuitiveuserinterface

2. Easeof functionalityupgrade,i.e addingnew operations

3. Universalitywith respectto thetypeof thephaseshift interferometer

4. Flexibility with respectto hardware(framegrabber, phaseshift controller)

5. Off-line functionality, i.e. dataevaluationwithout interferometerhardwareattachedto the PC, shouldbe
supported O P

QR
UserInterfaceof theSoftware

Theuserinterfacehasto supportthehandlingof a hugeamountof operationsknown in fringeanalysis.We reali-
zedabothflexible andintuitivesoftwareinterface(GUI) thatrepresentsthedataflow graphicallyby operatorsand
links.
An operatorcanbeselectedfrom a dialogsimilar to thefile selectorbox,wherebythedirectoriesprovideaclassi-
ficationschemefor thesetof operators.Theoperatorsaredisplayedsimilar to fileswith attributeslikenameof the
operator, I/O specifications,comments,creationtime,etc.An operatoris insertedinto theflow chartby a simple
drag–and–dropaction.For easeof upgradingfunctionalitytheoperatorsarecollectedin DLL–files thatcanbedy-
namicallylinkedto themainprogramm.For a further increaseof convenienceeachusercansetup his individual
GUI profile.

References
[1] J.Bähr, K.-H. Brenner, “ Iterativereconstructionof agradientindex distribution from oneinterferometricmea-
surement“ , Optik, Int. J. for Light andElectronOptics102,3, 101-105,(1996)
[8] U. Krackhardt,N. Streibl,J.Schwider, “ Fabricationerrorsof computergeneratedmultilevelphase-holograms“ ,
Optik 95,4, 137- 146(1994).
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Fabrication of integrated GRIN-ROD lenses

J. Bähr, K.-H. Brenner

Thetypical way to fabricateGRIN-ROD lensesis thepreparationof singleglasscylindersin a ion exchangepro-
cess[9]. For integratedoptic applicationsan additionalalignmentstepis neccessary. In this articewe reporta
fabricationmethodfor integratedGRIN-ROD lenses.
As reportedearlierGRIN-elementswith nearlyidealradialsymmetryareobtainedusingspotlike maskapertures
in a field assistedion exchangeprocess[2]. With transitionto line shapedmaskswith a width of a few microns,
cylindrical distributionscanbe realized.Accordingto fig.1 two substrateswith semi-cylindrical distribution can
be assembledto attain integratedfull-cylinder-ROD lenses.Sincethe maskis structuredin a photolithographic
processthelateralaccuracy of thepositionof theelementsis thesameasthatat thephotolithographicprocess.In
addition,for furthermachiningalignmentmarkscanalsoberealisedon thesubstratesimultaneouslyin thesame
structuringprocess.

Fabrication of integrated GRIN ROD lenses
J. Bähr, K.-H. Brenner

The typical way to fabricate GRIN ROD lenses is the machining of single glass cylinders in a ion
exchange process [1]. For integrated optic applications an additional alignment step is neccessary. In
this artice we report a fabrication method for integrated GRIN ROD lenses.

As reported earlier GRIN-elements with nearly ideal radial symmetry are obtained using spot like mask
apertures in a field assisted ion exchange process [2]. With transition to line shaped masks with a width
of a few microns, cylindrical distributions can be realized. According to fig.1 two substrates with semi-
cylinders can be assembled to attain integrated full-cylinder-ROD lenses. Since the mask is structurised
in a photolithographic process a lateral accuracy of the position of the elements in order of the
photolithographic resolution is permitted. In addition, for further machining alignment marks can also
be realised on the substrate simultaniously in the same structuring process.
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With the field assisted ion exchange process nearly steplike index distributions are obtained. For
imaging application a radial index distribuiton with the shape of
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is required. Note that in this notation n0 is the refractive index of the glass substrate. For sufficient
attainment a post heating process is employed (fig. 2). Since this is an isotropic process the symmetry of
the element is conserved [2]. With respect to the attainable index increment ∆n that is up to 0.11 for our
glasses with the silver-sodium exchange according to equation
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numerical apertures up to 0.35 can be achieved (fig.3). For verification a test pattern was imaged by a
half-pitch GRIN-ROD. Fig. 4 demonstrates the good resolution of the GRIN ROD, that is comparable
to the resolution of microscope objective with a numerical aperture of 0.35.
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Fabrication of integrated GRIN ROD lenses
J. Bähr, K.-H. Brenner

The typical way to fabricate GRIN ROD lenses is the machining of single glass cylinders in a ion
exchange process [1]. For integrated optic applications an additional alignment step is neccessary. In
this artice we report a fabrication method for integrated GRIN ROD lenses.

As reported earlier GRIN-elements with nearly ideal radial symmetry are obtained using spot like mask
apertures in a field assisted ion exchange process [2]. With transition to line shaped masks with a width
of a few microns, cylindrical distributions can be realized. According to fig.1 two substrates with semi-
cylinders can be assembled to attain integrated full-cylinder-ROD lenses. Since the mask is structurised
in a photolithographic process a lateral accuracy of the position of the elements in order of the
photolithographic resolution is permitted. In addition, for further machining alignment marks can also
be realised on the substrate simultaniously in the same structuring process.

0 20 0 40 0
rad ia l ex tens ion  [µ m ]

1 .48

1 .50

1 .52

1 .54

re
fr

ac
tiv

e 
in

de
x

   Glass Typ e: 
B GG 31  (SC H OT T)

m eas ured index 

P arab ula (B est F it)

within 740µm diam.
standard deviation:
 3 .36 x 10-4

Fig. 1  assembling of two half-cylinder ROD arrays Fig. 2  radial index distribution

With the field assisted ion exchange process nearly steplike index distributions are obtained. For
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is required. Note that in this notation n0 is the refractive index of the glass substrate. For sufficient
attainment a post heating process is employed (fig. 2). Since this is an isotropic process the symmetry of
the element is conserved [2]. With respect to the attainable index increment ∆n that is up to 0.11 for our
glasses with the silver-sodium exchange according to equation
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numerical apertures up to 0.35 can be achieved (fig.3). For verification a test pattern was imaged by a
half-pitch GRIN-ROD. Fig. 4 demonstrates the good resolution of the GRIN ROD, that is comparable
to the resolution of microscope objective with a numerical aperture of 0.35.
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With thefield assistedion exchangeprocessnearlysteplike index distributionsareobtained.For imagingapplica-
tion a radialindex distribuitonwith theshapeof
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is required.In this notationn0 is the refractive index of the glasssubstrate.To achieve this distribution a post
heatingprocessis employed(fig. 2). Sincethis is an isotropicprocessthesymmetryof theelementis conserved
[2]. With theappliedsilver-sodiumion exchangeprocessweattainanindex increment∆n of 0.11in oursubstrate
glasses.Accordingto equation
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we achieve a numericalapertureof 0.35(fig.3). For verificationa testpatternwasimagedby a half-pitchGRIN-
ROD. Fig. 4 demonstratesthegoodresolutionof theGRIN-ROD, that is comparableto theresolutionof micros-
copeobjectivewith anumericalapertureof 0.35(fig. 5).

Fabrication of integrated GRIN ROD lenses
J. Bähr, K.-H. Brenner

The typical way to fabricate GRIN ROD lenses is the machining of single glass cylinders in a ion
exchange process [1]. For integrated optic applications an additional alignment step is neccessary. In
this artice we report a fabrication method for integrated GRIN ROD lenses.

As reported earlier GRIN-elements with nearly ideal radial symmetry are obtained using spot like mask
apertures in a field assisted ion exchange process [2]. With transition to line shaped masks with a width
of a few microns, cylindrical distributions can be realized. According to fig.1 two substrates with semi-
cylinders can be assembled to attain integrated full-cylinder-ROD lenses. Since the mask is structurised
in a photolithographic process a lateral accuracy of the position of the elements in order of the
photolithographic resolution is permitted. In addition, for further machining alignment marks can also
be realised on the substrate simultaniously in the same structuring process.
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is required. Note that in this notation n0 is the refractive index of the glass substrate. For sufficient
attainment a post heating process is employed (fig. 2). Since this is an isotropic process the symmetry of
the element is conserved [2]. With respect to the attainable index increment ∆n that is up to 0.11 for our
glasses with the silver-sodium exchange according to equation
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numerical apertures up to 0.35 can be achieved (fig.3). For verification a test pattern was imaged by a
half-pitch GRIN-ROD. Fig. 4 demonstrates the good resolution of the GRIN ROD, that is comparable
to the resolution of microscope objective with a numerical aperture of 0.35.
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Fabrication of integrated GRIN ROD lenses
J. Bähr, K.-H. Brenner

The typical way to fabricate GRIN ROD lenses is the machining of single glass cylinders in a ion
exchange process [1]. For integrated optic applications an additional alignment step is neccessary. In
this artice we report a fabrication method for integrated GRIN ROD lenses.

As reported earlier GRIN-elements with nearly ideal radial symmetry are obtained using spot like mask
apertures in a field assisted ion exchange process [2]. With transition to line shaped masks with a width
of a few microns, cylindrical distributions can be realized. According to fig.1 two substrates with semi-
cylinders can be assembled to attain integrated full-cylinder-ROD lenses. Since the mask is structurised
in a photolithographic process a lateral accuracy of the position of the elements in order of the
photolithographic resolution is permitted. In addition, for further machining alignment marks can also
be realised on the substrate simultaniously in the same structuring process.
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With the field assisted ion exchange process nearly steplike index distributions are obtained. For
imaging application a radial index distribuiton with the shape of
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is required. Note that in this notation n0 is the refractive index of the glass substrate. For sufficient
attainment a post heating process is employed (fig. 2). Since this is an isotropic process the symmetry of
the element is conserved [2]. With respect to the attainable index increment ∆n that is up to 0.11 for our
glasses with the silver-sodium exchange according to equation
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numerical apertures up to 0.35 can be achieved (fig.3). For verification a test pattern was imaged by a
half-pitch GRIN-ROD. Fig. 4 demonstrates the good resolution of the GRIN ROD, that is comparable
to the resolution of microscope objective with a numerical aperture of 0.35.
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Fabrication of integrated GRIN ROD lenses
J. Bähr, K.-H. Brenner

The typical way to fabricate GRIN ROD lenses is the machining of single glass cylinders in a ion
exchange process [1]. For integrated optic applications an additional alignment step is neccessary. In
this artice we report a fabrication method for integrated GRIN ROD lenses.

As reported earlier GRIN-elements with nearly ideal radial symmetry are obtained using spot like mask
apertures in a field assisted ion exchange process [2]. With transition to line shaped masks with a width
of a few microns, cylindrical distributions can be realized. According to fig.1 two substrates with semi-
cylinders can be assembled to attain integrated full-cylinder-ROD lenses. Since the mask is structurised
in a photolithographic process a lateral accuracy of the position of the elements in order of the
photolithographic resolution is permitted. In addition, for further machining alignment marks can also
be realised on the substrate simultaniously in the same structuring process.
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With the field assisted ion exchange process nearly steplike index distributions are obtained. For
imaging application a radial index distribuiton with the shape of
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is required. Note that in this notation n0 is the refractive index of the glass substrate. For sufficient
attainment a post heating process is employed (fig. 2). Since this is an isotropic process the symmetry of
the element is conserved [2]. With respect to the attainable index increment ∆n that is up to 0.11 for our
glasses with the silver-sodium exchange according to equation
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numerical apertures up to 0.35 can be achieved (fig.3). For verification a test pattern was imaged by a
half-pitch GRIN-ROD. Fig. 4 demonstrates the good resolution of the GRIN ROD, that is comparable
to the resolution of microscope objective with a numerical aperture of 0.35.
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Mask-optimization for fabrication of microlensarrays with a high fill-
factor

J. Bähr, K.-H. Brenner

For paralleldataprocessingwith microlensarraysa high lateralfill-f actoris requiredto utilize thesubstratearea.
In our institutemicrolensarraysarefabricatedby field assistedion exchangeprocesseswith diffraction limited
performanceandnumericalapertureupto0.2 [2]. To geta high lateralfill-f actorthemutualinfluenceof ion cur-
rentsthroughadjacentmaskwindows hasto be considered,becausethis effectsa deviation from the symmetry
of themicrolens(fig. 1) thatresultsin nonsymmetricon-axisaberrations.It hasbeenshown, thatsymmetriclens
aberrationscanbesupressedefficiently by anadditionalpostheatingstep[2, 11]. Thusit is importantto avoid non
symmetricon-axisaberrationsalreadyin thefield assistedprocessstep.
We investigatedthedeviation from thecylindrical symmetryin anarraywith cartesianarrangementby calculati-
on of thewavefrontaberrationsfrom simulateddata.Thepitch hasa valueof 250µm. Fig. 2 shows thestandard
deviation from thewavefrontσ S wT versusthelateralradiusof themicrolens.For diffractionlimited performance
σ S wT hasto be lessthanλ a 14.For circularmaskaperturestheaberrationsgetsignificantwith increassinglateral
extension.Using extendedmaskaperturestheseaberrationscould be reducedby screen-off effects.But in this
casetheopticalpowerwould bedecreased,becausetheextensionof thoselensesin thevolumeis reduced[2]. To
achieve anaspectratio of 1 betweenlateralandtransversalextensionwith respectto theλ a 14-criterionwe found
a maximumlateraldiameterof 65%of thepitchusinga maskwith anapertureof 40µm.
Thisvaluecouldbeincreasedby optimizationof thegeometryof themask.Fig.3 showstheshapeof themaskand
the topographyof thesimulatedmicrolens.For a small lateralextensionthe lensshapeshows a strongdeviation
from cylindrical symmetry(fig. 4), becauseof theasymmetricshapeof themask.With increasingextensionthis
deviation is compensatedby themutualinfluenceof ion currents.At a certainpointweobtaina minimum(fig. 4).
Usinga maskwith anedgewidth of 70µmwe obtaineda maximumlateraldiameterof 85%of thepitch. Futher
increaseof thelateralextensionagaindiminishestheradialsymmetryof themicrolens.

Mask-optimization for fabrication of microlens arrays with a high filling-factor
J. Bähr, K.-H. Brenner

For parallel data processing with microlens arrays a high lateral filli ng-factor is required to transport
most possible extended data fields per channel. In our institute microlens arrays are fabricated by field
assisted ion exchange processes with diff raction limited performance within a numerical aperture of 0.2
[1]. To get a high lateral filli ng-factor the mutual influencing of ion currents through adjacent mask
windows has to be mentioned, because this effects a deviation from the symmetry of the microlens (fig.
1) that is due to non symmetric on-axis aberrations. It has been shown, that symmetric lens aberrations
can be supressed eff iciently by an additional post heating step [1,2]. Thus it is important to avoid non
symmetric on-axis aberrations already in the field assisted process step.

We investigated the deviation from the cylindrical symmetry in an array with cartesian arrangement by
calculation of the wavefront aberrations from simulated data. The pitch has a value of 250µm. Fig. 2
shows the standard deviation from the wavefront σ(w) versus the lateral radius of the microlens. For
diff raction limited performance σ(w) has to be less than λ/14. For circular mask apertures the
aberrations get significant with the rise of the lateral extension. Because of screen-off effects by using
extended mask windows the lenses show less wavefront aberrations. In contrast the optical power of
these lenses decreases, because the extension in the volume is reduced [1]. For an aspect ratio of 1
between lateral and transversal extension with respect to the λ/14-criterion we found a maximum lateral
diameter of 65% of the pitch using a mask with an aperture of 40µm.

This value could be raised by optimization of the geometry of the mask. Fig. 3 shows the shape of the
mask and the topography of the simulated microlens. For a small lateral extension the lens shape shows
a strong deviation from zylindrical symmetry (fig. 4), because of the asymmetric shape of the mask.
With growing extension this deviation is compensated by the mutual influencing of ion currents. At a
certain point we obtain a minimum (fig. 4). Using a mask with an edge of 70µm we obtained a
maximum lateral diameter of 85% of the pitch. Futher increase of the lateral extension again diminishes
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For parallel data processing with microlens arrays a high lateral filli ng-factor is required to transport
most possible extended data fields per channel. In our institute microlens arrays are fabricated by field
assisted ion exchange processes with diff raction limited performance within a numerical aperture of 0.2
[1]. To get a high lateral filli ng-factor the mutual influencing of ion currents through adjacent mask
windows has to be mentioned, because this effects a deviation from the symmetry of the microlens (fig.
1) that is due to non symmetric on-axis aberrations. It has been shown, that symmetric lens aberrations
can be supressed eff iciently by an additional post heating step [1,2]. Thus it is important to avoid non
symmetric on-axis aberrations already in the field assisted process step.

We investigated the deviation from the cylindrical symmetry in an array with cartesian arrangement by
calculation of the wavefront aberrations from simulated data. The pitch has a value of 250µm. Fig. 2
shows the standard deviation from the wavefront σ(w) versus the lateral radius of the microlens. For
diff raction limited performance σ(w) has to be less than λ/14. For circular mask apertures the
aberrations get significant with the rise of the lateral extension. Because of screen-off effects by using
extended mask windows the lenses show less wavefront aberrations. In contrast the optical power of
these lenses decreases, because the extension in the volume is reduced [1]. For an aspect ratio of 1
between lateral and transversal extension with respect to the λ/14-criterion we found a maximum lateral
diameter of 65% of the pitch using a mask with an aperture of 40µm.

This value could be raised by optimization of the geometry of the mask. Fig. 3 shows the shape of the
mask and the topography of the simulated microlens. For a small lateral extension the lens shape shows
a strong deviation from zylindrical symmetry (fig. 4), because of the asymmetric shape of the mask.
With growing extension this deviation is compensated by the mutual influencing of ion currents. At a
certain point we obtain a minimum (fig. 4). Using a mask with an edge of 70µm we obtained a
maximum lateral diameter of 85% of the pitch. Futher increase of the lateral extension again diminishes
the radial symmetry of the microlens.
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For parallel data processing with microlens arrays a high lateral filli ng-factor is required to transport
most possible extended data fields per channel. In our institute microlens arrays are fabricated by field
assisted ion exchange processes with diff raction limited performance within a numerical aperture of 0.2
[1]. To get a high lateral filli ng-factor the mutual influencing of ion currents through adjacent mask
windows has to be mentioned, because this effects a deviation from the symmetry of the microlens (fig.
1) that is due to non symmetric on-axis aberrations. It has been shown, that symmetric lens aberrations
can be supressed eff iciently by an additional post heating step [1,2]. Thus it is important to avoid non
symmetric on-axis aberrations already in the field assisted process step.

We investigated the deviation from the cylindrical symmetry in an array with cartesian arrangement by
calculation of the wavefront aberrations from simulated data. The pitch has a value of 250µm. Fig. 2
shows the standard deviation from the wavefront σ(w) versus the lateral radius of the microlens. For
diff raction limited performance σ(w) has to be less than λ/14. For circular mask apertures the
aberrations get significant with the rise of the lateral extension. Because of screen-off effects by using
extended mask windows the lenses show less wavefront aberrations. In contrast the optical power of
these lenses decreases, because the extension in the volume is reduced [1]. For an aspect ratio of 1
between lateral and transversal extension with respect to the λ/14-criterion we found a maximum lateral
diameter of 65% of the pitch using a mask with an aperture of 40µm.

This value could be raised by optimization of the geometry of the mask. Fig. 3 shows the shape of the
mask and the topography of the simulated microlens. For a small lateral extension the lens shape shows
a strong deviation from zylindrical symmetry (fig. 4), because of the asymmetric shape of the mask.
With growing extension this deviation is compensated by the mutual influencing of ion currents. At a
certain point we obtain a minimum (fig. 4). Using a mask with an edge of 70µm we obtained a
maximum lateral diameter of 85% of the pitch. Futher increase of the lateral extension again diminishes
the radial symmetry of the microlens.
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For parallel data processing with microlens arrays a high lateral filli ng-factor is required to transport
most possible extended data fields per channel. In our institute microlens arrays are fabricated by field
assisted ion exchange processes with diff raction limited performance within a numerical aperture of 0.2
[1]. To get a high lateral filli ng-factor the mutual influencing of ion currents through adjacent mask
windows has to be mentioned, because this effects a deviation from the symmetry of the microlens (fig.
1) that is due to non symmetric on-axis aberrations. It has been shown, that symmetric lens aberrations
can be supressed eff iciently by an additional post heating step [1,2]. Thus it is important to avoid non
symmetric on-axis aberrations already in the field assisted process step.

We investigated the deviation from the cylindrical symmetry in an array with cartesian arrangement by
calculation of the wavefront aberrations from simulated data. The pitch has a value of 250µm. Fig. 2
shows the standard deviation from the wavefront σ(w) versus the lateral radius of the microlens. For
diff raction limited performance σ(w) has to be less than λ/14. For circular mask apertures the
aberrations get significant with the rise of the lateral extension. Because of screen-off effects by using
extended mask windows the lenses show less wavefront aberrations. In contrast the optical power of
these lenses decreases, because the extension in the volume is reduced [1]. For an aspect ratio of 1
between lateral and transversal extension with respect to the λ/14-criterion we found a maximum lateral
diameter of 65% of the pitch using a mask with an aperture of 40µm.

This value could be raised by optimization of the geometry of the mask. Fig. 3 shows the shape of the
mask and the topography of the simulated microlens. For a small lateral extension the lens shape shows
a strong deviation from zylindrical symmetry (fig. 4), because of the asymmetric shape of the mask.
With growing extension this deviation is compensated by the mutual influencing of ion currents. At a
certain point we obtain a minimum (fig. 4). Using a mask with an edge of 70µm we obtained a
maximum lateral diameter of 85% of the pitch. Futher increase of the lateral extension again diminishes
the radial symmetry of the microlens.
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Parallel optical fiber plug

ChristophPasson

Theconceptof parallelopticalconnectorsusingbeamcollimationcoup-
ling was developedfor an optical backplanein a 19” computerrack.
Using this couplingprinciplefor parallelopticalconnectionsdemands
very high precisionduringmanufacturing.To simplify theassemblyof
theparts,V-groovesareusedto hold thefibers.This reducesthenum-
bersof degreesof freedomin thepositioningof thefiberswith respect
to the lenses.In theexperimentalrealizationtheV-grooveswerefabri-
catedby injectionmolding,usingSi-groovesasmasterby Universityof
Dortmund.Thefront surfacesalsopossessanangleof 54o andserveas
mirrors for deflectingthe light out of thesubstrate.This anglehasthe
advantagethat backreflectionsarereducedconsiderablycomparedto
a 45o angle.For angledfiber front facesthe total isolationfrom back
reflectionsreachesa valueof approx.150 dB. The mirrors arecoated
with silverandhaveareflectivity of 98%.

bcde f g h h i j k l m n o e m p p n lq f g r g ms g n l e t j u lq f g r g mv j w m p f l r h l hParallel optical fiber plug

Christoph Passon

 Using lens coupling principle with parallel optical plugs demand
highest precision during manufaturing. To simplify the assembly
of the parts, v-grooves can be used to position the fibers. This
reduces the numbers of degrees of freedom while mounting the
fibers to the lenses. Sili con v-grooves are being used as a master
and delivers tilted and optical plane surfaces at the closed end of
the v-grooves. These tilted surfaces are vaporized with silver on
the positively molded part and serve as mirrors to deflect the
light away from the surface. A planar microlens array covers the
v-grooves, so that fibers are exact positioned when they reach to
the ending surface of the v-groove. Besides the advantages of
lens coupling systems (see above) the tilted rays towards the
surfaces reduce back reflections to a minimum degree. Using non
perpendicular fiber end surfaces delivers a total back coupling
value of approx. 150 dB.

The precise positioning of the mi-
crolenses in x,y direction and in the an-
gular ϑ around the rotation axis is
achieved by optimizing the couple effi-
ciency into the bordering fibers of the
array. A collimated laser irradiates per-
pendicular onto a grating substrate

which is in contact with the microlens substrate. The grating is designed to
diffracts the light into the same direction the light
coming out of the plug would take. The microlens
focuses the light and the fibers are being adjusted to
maximum coupling efficiency. The thickness of the
lens substrate and the focal length of the mi-
crolenses are adapted to each other.
The lens coupling system can also be used to con-
nect to planar waveguides. Here isotropic and ani-
sotropic etching processes are used to produce the
waveguides respectively the mirrors. This concept is
developed for an optical backplane in a 19’’ com-
puter rack.

1

2

3

glass fiber

v-groove

planar
waveguide

planar
microlenses

Laser

diffraction 
grating

microlens
array
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Fig. 1 Schemeof theparalleloptical
connectorx y z { | } ~ � � | y � � ~ � �� | y � ~ � � � ~ � | � � { � zy | | y � � � � | � � � {y | | y �

Fig. 2 Alignmentsetupusinga diffractiongratingasan-
gle reference

A planar microlensarray is usedto collimate the be-
ams.This array hasto be positionswith respectto the
V-groovesso that for eachchannel,after reflection,the
opticalaxisof a fiber meetsthecenterof thecorrespon-
ding lens.Therequiredaccuracy hereis approx.0 � 5µm.

Forpositioningthemicrolenses,threedegreesof freedomhavetobeadjusted:thex-y-
directionandtheangularϕ aroundtherotationaxis.For adjustingthex-y-position,the
collimatedbeambehindthelenswouldhavebesetto 54o, which is difficult to verify.
Thereforewehavefabricatedareferencegrating(fig. 2) , whichis placedbetweenthe
laserandthemicro lensarrayandtheoptimumpositionis determinedby maximizing
theopticalpowercoupledinto thefiber. Thethicknessof thelenssubstrateis adapted
to the focal length of the microlenses.The lens couplingsystemwas also usedto
connectto planarwaveguides.Theschemefor a fiber-waveguideconnectoris shown
attheleft side.For thebackplaneisotropicandanisotropicetchingprocessesareused
to producethe waveguidesandthe mirror. Taking all possiblesourcesof lossin the
connectorinto account,thedifferentcontributionsaredueto� opticalSystem -0.40dB� mirror -0.09dB� misalignment -0.10dB� absorptionin thefilling polymer -0.05dB

andthetotalcouplingefficiency shouldassumea valueof 0.64dB.
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