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Abstract.

We presenminiaturized focusingfan-outelements The new micro-opticalelementsverefabricatedusingdifferenttechnologies:
double-sidednjectionmouldingin polycarbonategouble-sideghotolithographywith subsequertransferin quartzanddirectlasemwriting
in photoresistThefan-outelementaverecharacterizethy measuringheirefficiency anduniformity, the surfaceprofilesof themicrolenses
weremeasuredvith a Twyman—Greerinterferometer The overall performancef the combined hybrid elementss demonstrateavith

intensitydistributionsrecordedn thefocal planes.
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1. Introduction

Fan-outphasegratingsaremicro-opticalkelementsvhichsplit
an incoming beaminto an array of light beamswith equal
power. The diffractedbeamsarethenfocusedby a Fourier
transformlens. Theseelementsare used,for example,in
opticalinterconnectsn multidetectosystemsandin parallel
opticalprocessing1—3]

We present different concepts for the fabrication
of hybrid elements which combine the fan-out and
focusing function. The combination of the refractve
and diffractive function resultsin a monolithic element
with miniaturized dimensions,which therefore has high
potential for applicationsin optical microsystems. To
achieve this functionality, we usedtwo differentdesignsand
differentfabricationtechnologiesThehybridelementsvere
fabricatedby injection mouldingin polycarbonatedouble-
sided photolithographywith subsequengtchingin quartz,
anddirectlaserwriting in photoresist. Single elementsas
well aslarge arraysof elementshave beenfabricated.

2. Design considerations

The combinationof the fan-outand the focusing function
can be madein two conceptuallydifferent ways. Either
the two functions are implementedon the two opposite
sides of one substrate(see figure 1(a)), or the fan-out
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functionis superimposednthefocusingfunctionof aplano-
corvex microlens(seefigure 1(b)). The first conceptwas
usedfor the elementsfabricatedby injection moulding in
polycarbonateand by double-sidedohotolithographywith
subsequentransferinto quartz. The secondpossibility
was usedfor elementsabricatedby direct laserwriting in
photoresist.

In case(a), the diffraction ordersare generatecy the
grating and propagateparallel to the optical axis after the
lens,whenthegratingplaneis in the backfocal planeof the
lens. For case(b), the diffraction ordersaredivergentafter
theelementwith respecto theopticalaxis,becausehefan-
outgratingis ontop of thecurvedsurface.For an application,
wherethespotshaveto bealignedrelative to areferencefor
exampleadetectorthepropertieof thetwo conceptén terms
of alignmenttolerancesredifferent. With concept(a), the
longitudinalalignmentof elementnddetectoiis notcritical.
Concept(b) can be advantageoudor a systemwhich has
lateralalignmenterrorsbetweerthe spotsandthereference,
becausetheseerrors can be compensatedy longitudinal
adjustmenbf theelementrelative to thereference.

3. Fabrication of the elements

For the fabricationof the hybrid elementsthree different
technologiesvereapplied.
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Figure 1. Schematidiagramof thetwo differentconceptgor hybrid elementsi(a) thefan-outstructureis onthe backsideof the

microlens;(b) thefan-outstructureis on top of therefractve surface.

3.1. Injection moulding in polycarbonate

The plano-conex microlensoriginals in photoresistwere

fabricatedby photolithographyand a subsequentmelting

procesd4]. The diffractive fan-outgratingsin photoresist
were obtained by standardbinary-mask lithography on

anothersubstrate. Two metal masterswere made from

the photoresistoriginals—onefor the diffractive fan-out
structuresandthe otherfor therefractive microlensesWith

thesemasters,double-sidedreplicationsin polycarbonate
were fabricatedby injection moulding. The processwas

executedat the IMM in Mainz. The alignmentof the

structureson the two sidesof the elementis limited by the

mechanicalolerancesfthemetalmastersandis of theorder
of 20 um. Thistechnologyis well suitedfor low-costmass
production.

3.2. Double-sidedphotolithography with subsequent
transfer into quartz

The diffractive fan-out structures and the refractve

microlensesverefabricatedoy photolithographyonto both

sidesof a quartzwafer Subsequentlythesephotoresist
elementsveretransferrednto quartzby reactve ion etching
(RIE) using two independenttch steps. The photoresist
microlenses,with a height of about 60 um, resultedin

microlenseswith a heightof 40 um after the transferinto

quartz.

3.3. Directlaserwriting in photoresist

Plano-comex photoresistmicrolenses,again made using
photolithographyandsubsequentelting, were spin coated
with an additional photoresistlayer  Afterwards, a
continuougrelief fan-outphasegratingwas written directly
into the photoresisusingthe laserwriter at CSEM Zurich
[5,6]. This technologycan be usedfor rapid prototyping
of photoresistelements. A possiblereplication of these
elementswould have the advantagethat no alignmentis
necessaryor the replicationstep, becausehe two optical
functionsareon onesinglesurface.

4. Comparison of the fabrication methods

Eachof the threedifferenttechnologieswhich were used
for the fabricationof the hybrid, focusingfan-outelements,
has its adwantagesand limitations. The best choice of

technologyto apply dependsstrongly on the specifications
imposedby the applicationfor which the elementwill be
usedlater Besides,the compromisebetweenquality and
costis of importance. Double-sidedohotolithographywith
subsequentransferinto quartzproducedthe elementswith
the bestoverall performance. However, comparedto the
othertwo fabricationtechnologiesit is relatively expensve,
andthetransferof deepphotoresismicrolensesnto quartz
is not yet a standardorocess.For the productionof a large
numberof elementsatlow costwith satishctoryquality, the
injectionmouldingtechnologyis well suited.An alternatve
possibilityis to usedirectlasemwriting to produceanelement
in photoresiseind, subsequent|yfabricatea nickel shim by
electroforming. Using this nickel shim, elementscan be
replicatedby hot embossing[7]. The adwantageof this
approachis that only one surface needsto be replicated
and, therefore,only one metal masterneedsto be made.
Consequentlyno aligningis necessarguringthereplication
step.An adwantageof laserwriting technologycomparedo
the othertwo technologiess thata prototypein photoresist
canbe fabricatedrelatively quickly. A disadwantageof this
techniqueis that, for the performanceof the element,the
homogeneityof the additional photoresistayer is critical.
Thehomogeneoudepositiorof thisadditionalresisiayeron
the curved surfacesof the corvex microlensess not trivial.
The double-sidedphotolithographyprovides an accurate
alignmenbfthetwo opticalfunctionsof aboutl um, whereas
the injection moulding processallows an alignmentwith
a toleranceof about20 um, limited by the mechanical
positioningof thetwo metalmastersiuringtheprocess.The
accurag of thealignmentvasnotcritical for ourperiodicfan-
out structures.However, for diffractive asphericcorrection
of themicrolensesfor example thealignmentaccurag will
becomecritical.

5. Characterization

5.1. Injection moulding in polycarbonate

The original is a binary Dammanngrating in photoresist,
which generated x 4 equaldiffractionorders. Thegrating
period is 64 um with a minimum featuresize of 1 um.
An SEM micrographof an elementfabricatedby injection
mouldingis shavn in figure 2. We measured diffraction
efficiency of 73%andauniformity error([ Imax— Imin] /[ Imaxt
Imin]) Of 2.6%. 1% of the incoming light was found in
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Figure 2. (a) Calculated phase element andl M image of fabricated binary fan-out structure, which generates 4 équal intensity
fan-out. The SEM micrograph shows an element which was fabricated by injection moulding in polycarbonate.
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Figure 3. Intensitydistribution of miniaturized focusingfan-out
elementn thefocal plane. The elementwas fabricatedby
injectionmoulding. Thediameterf the microlensis 990 um and
thegratingperiodof thefan-outis 64 um (A = 6328 nm,

NA = 0.12).

the zerothorder The theoreticalvaluesare 76% for the
efficiengy, 0.7%for theuniformity and0%in thezerothordet
The replicatedfan-outelementshad an efficiency of 62%,
typically, with auniformity errorof 20%;6% of thelight was
in the zerothorder Thefan-outperformancef the separate
fan-outandthemonolithic,hybridelementsvascomparable.
The pitch of thereplicatedmicrolensarrays,measuredvith
aknife edge wasreproducedo within lessthan1% between
two neighbouringmicrolenses. The accumulatedelative
pitch error over six microlenses(990 um diameter gap
10 um) and over 10 microlensey350 um diametey gap
5 um) was,in bothcasesp.4%.

We characterizedhe surface profile of the replicated
microlenseswith a Twyman—Greeninterferometer The
surface deviation of the microlensesfrom a spherewas
typically 0.21 (rms) for lenseswith 610 um diameter and
0.351 (rms) for lensesof 990 um diameter The measured
surfacedeviation of a microlenswith 990 um diameteris
shavn in figure 4. Subsequentlywe performeda ray-trace
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Figure 4. Surfacedeviationfrom a spherefor areplicated
microlens(990 um diameter) measureavith a Twyman—Green
interferometerThermsvalueis 0.31.

analysisusing the measuredsurface profile. The original

photoresisimicrolenseswith a diameterof 610 «m which

were usedfor the fabricationof the metal masterhad a

surfacedeviation of 0.11x (rms). The intensitydistribution

in the focal plane (4 mm after the microlens)of a hybrid

elementwith 990 um diameteris shavn in figure 3. The

measuredpotsizeis about18 um (NA = 0.12),compared
to about17 um obtainedfrom a ray-tracesimulation. The

spotsizeis mainly determinedy the sphericabberratiorof

the microlens. In termsof unwantedstray light between
the diffraction orders, the elementswith larger diameters
performedbetter

5.2. Double-sidedphotolithography and subsequent
transfer into quartz

We usedabinary4 x 4 fan-outgratingin photoresistyhich
had the same parametersas the photoresistoriginals for
the injection moulding process: 64 um grating period, a
measureefficiengy of 73%,andauniformity errorof 2.6%,
with 1% in the zerothorder The quality of the refractve
photoresisimicrolenseswvas characterizedvith a Twyman-—
Greeninterferometer A typical surfacedeviation from the



Figure 5. Intensity distribution in the focal plane of a
miniaturized, focusing fan-out element. The element is in quartz,
the diameter of the microlens is 610n and the grating period of
the fan-out is 64:m (A = 6328 nm, NA = 0.17).
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Figure 6. Surface deviation from sphere for a microlens with
610 ,m diameter, etched in quartz. The measurement was done
with a Twyman—Green interferometer. The rms value for the
deviation is 008X.

sphere of about.@x (rms) was found. The alignment of the

refractive and diffractive structures on the two sides of the

Figure 7. Intensitydistribution of focusingfan-outelementin the
focal plane. The elementwas fabricatedby directlaserwriting in
photoresisbn photoresistnicrolensesThediameterof the
microlensis 990 um andthe gratingperiodof thefan-outis

512 um (. = 6328 nm, NA = 0.14).

5.3. Directlaserwriting in photoresist

An additional layer of photoresistwas spin coatedonto
the photoresistmicrolenses. The additional layer had a
thicknes®ofabou2—3um. Thephotoresismicrolensesvere
characterizedvith a Twyman—Greerinterferometebefore
and after the depositionof the additionalphotoresistayer.

Subsequenthacontinuougelief5 x 5 fan-outphasegrating
was written into the photoresistwith the laserwriter. We
useda reducedwriting speedof v = 10 mms™t and a
spotsize of 1.3 um (FWHM). The grating period of the
fan-outwas 51.2 um. Sinceit was difficult to achiee a
homogeneousyerof photoresisbnthemicrolensesvith the
spinningprocedurethe fan-outsshaved a large uniformity
error. Figure7 shavs the measuredntensitydistribution in

thefocal planeof afocusingfan-outelementwith adiameter
of 990 um which generate$ x 5 diffractionorders.

6. Conclusion

We have presentedniniaturized focusingfan-outelements.
The new micro-optical elementswere fabricated using
different technologies: double-sidedinjection moulding
in polycarbonate, double-sided photolithography with

substrate was made using a mask aligner with an accuracy osubsequenetching in quartz, and direct laser writing in

about 1um.
After the first etch step before the transfer of the

photoresistFor thefabrication two differentconceptsvere
used:eitherthetwo opticalfunctionsareimplementeanthe

microlenses, the fan-out has been characterized. ThetWO oppositesidesof onesubstratepr the fan-outfunction

efficiency was 75% (theoretically 76%), the uniformity error
was 7% (theoretically 0.7%) and 0.5% of the light was in the

is superimposedn thefocusingfunction of a plano-conex
microlens.
We have demonstratedthat the three different

zeroth order (theoretically 0%). For the combined elements technologiesanbesuccessfullgmplayedfor thefabrication

with diameters of 990 and 61@m, the uniformity error

of miniaturizedfocusing, fan-outelements,althougheach

was the same as for the separate fan-out elements. For thgachnologyhascertainadvantagesindiimitations. Thesmall

elements with a diameter of 3%0n, the uniformity error and

size of the combinedelementsmales it necessaryto use

stray light between the diffraction orders increased. Figure 5 fan-out gratingswith small grating periods. This causes
shows the measured intensity distribution in the focal plane a relatively large uniformity error for the fan-outelements

of a focusing fan-out element in quartz with a diameter of

presentedn thiswork. Thecharacterizatioshavedthatthe

660 .m. The measured surface deviation from a sphere for quality and overall performanceof the elementsabricated

a microlens with 66Qum diameter is shown in figure 6. The
rms value for the surface deviation i©8x.

by injectionmouldingis satishctory Theadwantageof this

technologyis the possibility of massproductionat low cost.



The focusingandthe fan-outfunctionson the two opposite
sidesarealignedto within about20 um. Thequartzelements
shavedthe bestoptical performance However, the transfer
of deepphotoresismicrolensesnto quartzis nota standard
processThedirectlasemwriting techniquénastheadwantage
thata prototypecanbe fabricatedrelatively quickly. For a
replicationof thehybrid elementnly onesurfacehasto be
replicatedandthereforeno alignmentis necessaryCritical
for the performanceof the elementss the homogeneityof
theadditionalphotoresistayer.
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