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Abstract.

Wepresentminiaturized,focusingfan-outelements.Thenew micro-opticalelementswerefabricatedusingdifferenttechnologies:
double-sidedinjectionmouldingin polycarbonate,double-sidedphotolithographywith subsequenttransferin quartzanddirectlaserwriting
in photoresist.Thefan-outelementswerecharacterizedby measuringtheirefficiency anduniformity, thesurfaceprofilesof themicrolenses
weremeasuredwith a Twyman–Greeninterferometer. Theoverall performanceof thecombined,hybridelementsis demonstratedwith
intensitydistributionsrecordedin thefocalplanes.
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1. Intr oduction

Fan-outphasegratingsaremicro-opticalelementswhichsplit
an incomingbeaminto an arrayof light beamswith equal
power. Thediffractedbeamsarethenfocusedby a Fourier
transformlens. Theseelementsare used,for example, in
opticalinterconnects,in multidetectorsystemsandin parallel
opticalprocessing[1–3]

We present different concepts for the fabrication
of hybrid elements which combine the fan-out and
focusing function. The combination of the refractive
and diffractive function results in a monolithic element
with miniaturized dimensions,which thereforehas high
potential for applications in optical microsystems. To
achieve this functionality, weusedtwo differentdesignsand
differentfabricationtechnologies.Thehybridelementswere
fabricatedby injection mouldingin polycarbonate,double-
sidedphotolithographywith subsequentetchingin quartz,
anddirect laserwriting in photoresist.Singleelements,as
well aslargearraysof elements,havebeenfabricated.

2. Design considerations

The combinationof the fan-outand the focusingfunction
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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functionissuperimposedonthefocusingfunctionof aplano-
convex microlens(seefigure 1(b)). The first conceptwas
usedfor the elementsfabricatedby injection moulding in
polycarbonate,andby double-sidedphotolithographywith
subsequenttransfer into quartz. The secondpossibility
was usedfor elementsfabricatedby direct laserwriting in
photoresist.

In case(a), the diffraction ordersaregeneratedby the
grating and propagateparallel to the optical axis after the
lens,whenthegratingplaneis in thebackfocalplaneof the
lens. For case(b), thediffractionordersaredivergentafter
theelementwith respectto theopticalaxis,becausethefan-
outgratingisontopof thecurvedsurface.For anapplication,
wherethespotshaveto bealignedrelativeto areference,for
exampleadetector, thepropertiesof thetwoconceptsin terms
of alignmenttolerancesaredifferent. With concept(a), the
longitudinalalignmentof elementanddetectorisnotcritical.
Concept(b) can be advantageousfor a systemwhich has
lateralalignmenterrorsbetweenthespotsandthereference,
becausetheseerrors can be compensatedby longitudinal
adjustmentof theelementrelative to thereference.

3. Fabrication of the elements

For the fabricationof the hybrid elementsthree different
technologieswereapplied.
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Figure 1. Schematicdiagramof thetwo differentconceptsfor hybridelements:(a) thefan-outstructureis on thebacksideof the
microlens;(b) thefan-outstructureis on topof therefractivesurface.

3.1. Injection moulding in polycarbonate

The plano-convex microlensoriginals in photoresistwere
fabricatedby photolithographyand a subsequentmelting
process[4]. 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
structuresandtheotherfor therefractive microlenses.With
thesemasters,double-sidedreplicationsin polycarbonate
were fabricatedby injection moulding. The processwas
executedat the IMM in Mainz. The alignment of the
structureson the two sidesof the elementis limited by the
mechanicaltolerancesof themetalmastersandisof theorder
of 20µm. This technologyis well suitedfor low-costmass
production.

3.2. Double-sidedphotolithography with subsequent
transfer into quartz

The diffractive fan-out structures and the refractive
microlenseswerefabricatedby photolithographyonto both
sidesof a quartz wafer. Subsequently, thesephotoresist
elementsweretransferredinto quartzby reactive ion etching
(RIE) using two independentetch steps. The photoresist
microlenses,with a height of about 60 µm, resultedin
microlenseswith a heightof 40 µm after the transferinto
quartz.

3.3. Dir ect laserwriting in photoresist

Plano-convex photoresistmicrolenses,again made using
photolithographyandsubsequentmelting,werespincoated
with an additional photoresist layer. Afterwards, a
continuousrelief fan-outphasegratingwas written directly
into the photoresistusingthe laserwriter at CSEM Zürich
[5,6]. This technologycan be usedfor rapid prototyping
of photoresistelements. A possiblereplication of these
elementswould have the advantagethat no alignment is
necessaryfor the replicationstep,becausethe two optical
functionsareononesinglesurface.

4. Comparison of the fabrication methods

Eachof the threedifferent technologies,which were used
for thefabricationof thehybrid, focusingfan-outelements,
has its advantagesand limitations. The best choice of

technologyto apply dependsstronglyon the specifications
imposedby the applicationfor which the elementwill be
usedlater. Besides,the compromisebetweenquality and
costis of importance.Double-sidedphotolithographywith
subsequenttransferinto quartzproducedthe elementswith
the bestoverall performance. However, comparedto the
othertwo fabricationtechnologies,it is relatively expensive,
andthe transferof deepphotoresistmicrolensesinto quartz
is not yet a standardprocess.For theproductionof a large
numberof elementsat low costwith satisfactoryquality, the
injectionmouldingtechnologyis well suited.An alternative
possibilityis tousedirectlaserwriting toproduceanelement
in photoresistand,subsequently, fabricatea nickel shimby
electroforming. Using this nickel shim, elementscan be
replicatedby hot embossing[7]. The advantageof this
approachis that only one surface needsto be replicated
and, therefore,only one metal masterneedsto be made.
Consequently, noaligningis necessaryduringthereplication
step.An advantageof laserwriting technologycomparedto
theothertwo technologiesis thata prototypein photoresist
canbe fabricatedrelatively quickly. A disadvantageof this
techniqueis that, for the performanceof the element,the
homogeneityof the additionalphotoresistlayer is critical.
Thehomogeneousdepositionof thisadditionalresistlayeron
thecurvedsurfacesof theconvex microlensesis not trivial.
The double-sidedphotolithographyprovides an accurate
alignmentof thetwoopticalfunctionsof about1µm,whereas
the injection moulding processallows an alignmentwith
a toleranceof about 20 µm, limited by the mechanical
positioningof thetwo metalmastersduringtheprocess.The
accuracy of thealignmentwasnotcriticalfor ourperiodicfan-
out structures.However, for diffractive asphericcorrection
of themicrolenses,for example,thealignmentaccuracy will
becomecritical.

5. Characterization

5.1. Injection moulding in polycarbonate

The original is a binary Dammanngrating in photoresist,
which generates4× 4 equaldiffractionorders.Thegrating
period is 64 µm with a minimum featuresize of 1 µm.
An SEM micrographof an elementfabricatedby injection
mouldingis shown in figure 2. We measureda diffraction
efficiency of 73%andauniformityerror([Imax−Imin]/[Imax+
Imin]) of 2.6%. 1% of the incoming light was found in
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Figure 2. (a) Calculated phase element and (b) SEM image of fabricated binary fan-out structure, which generates a 4× 4 equal intensity
fan-out. The SEM micrograph shows an element which was fabricated by injection moulding in polycarbonate.

Figure 3. Intensitydistributionof miniaturized,focusingfan-out
elementin thefocalplane.Theelementwas fabricatedby
injectionmoulding.Thediameterof themicrolensis 990µm and
thegratingperiodof thefan-outis 64µm (λ = 632.8 nm,
NA = 0.12).

the zeroth order. The theoreticalvaluesare 76% for the
efficiency, 0.7%for theuniformityand0%in thezerothorder.
The replicatedfan-outelementshadan efficiency of 62%,
typically, with auniformityerrorof 20%;6%of thelight was
in thezerothorder. Thefan-outperformanceof theseparate
fan-outandthemonolithic,hybridelementswascomparable.
Thepitch of thereplicatedmicrolensarrays,measuredwith
aknife edge,wasreproducedto within lessthan1%between
two neighbouringmicrolenses. The accumulatedrelative
pitch error over six microlenses(990 µm diameter, gap
10 µm) and over 10 microlenses(350 µm diameter, gap
5µm) was,in bothcases,0.4%.

We characterizedthe surfaceprofile of the replicated
microlenseswith a Twyman–Greeninterferometer. The
surface deviation of the microlensesfrom a spherewas
typically 0.2λ (rms) for lenseswith 610µm diameter, and
0.35λ (rms) for lensesof 990µm diameter. Themeasured
surfacedeviation of a microlenswith 990µm diameteris
shown in figure4. Subsequently, we performeda ray-trace

Figure 4. Surfacedeviation from aspherefor a replicated
microlens(990µm diameter),measuredwith aTwyman–Green
interferometer. Thermsvalueis 0.3λ.

analysisusing the measuredsurfaceprofile. The original
photoresistmicrolenseswith a diameterof 610µm which
were used for the fabricationof the metal masterhad a
surfacedeviation of 0.11λ (rms). The intensitydistribution
in the focal plane(4 mm after the microlens)of a hybrid
elementwith 990µm diameteris shown in figure 3. The
measuredspotsizeis about18µm (NA = 0.12),compared
to about17µm obtainedfrom a ray-tracesimulation. The
spotsizeis mainlydeterminedby thesphericalaberrationof
the microlens. In termsof unwantedstray light between
the diffraction orders, the elementswith larger diameters
performedbetter.

5.2. Double-sidedphotolithography and subsequent
transfer into quartz

Weusedabinary4× 4 fan-outgratingin photoresist,which
had the sameparametersas the photoresistoriginals for
the injection moulding process: 64 µm grating period, a
measuredefficiency of 73%,andauniformity errorof 2.6%,
with 1% in the zerothorder. The quality of the refractive
photoresistmicrolenseswas characterizedwith a Twyman–
Greeninterferometer. A typical surfacedeviation from the
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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 610µm and the grating period of
the fan-out is 64µm (λ = 632.8 nm,NA = 0.17).

Figure 6. Surface deviation from sphere for a microlens with
610µm diameter, etched in quartz. The measurement was done
with a Twyman–Green interferometer. The rms value for the
deviation is 0.08λ.

sphere of about 0.1λ (rms) was found. The alignment of the
refractive and diffractive structures on the two sides of the
substrate was made using a mask aligner with an accuracy of
about 1µm.

After the first etch step before the transfer of the
microlenses, the fan-out has been characterized. The
efficiency was 75% (theoretically 76%), the uniformity error
was 7% (theoretically 0.7%) and 0.5% of the light was in the
zeroth order (theoretically 0%). For the combined elements
with diameters of 990 and 610µm, the uniformity error
was the same as for the separate fan-out elements. For the
elements with a diameter of 350µm, the uniformity error and
stray light between the diffraction orders increased. Figure 5
shows the measured intensity distribution in the focal plane
of a focusing fan-out element in quartz with a diameter of
660µm. The measured surface deviation from a sphere for
a microlens with 660µm diameter is shown in figure 6. The
rms value for the surface deviation is 0.08λ.

Figure 7. Intensitydistributionof focusingfan-outelementin the
focalplane.Theelementwas fabricatedby directlaserwriting in
photoresistonphotoresistmicrolenses.Thediameterof the
microlensis 990µm andthegratingperiodof thefan-outis
51.2µm (λ = 632.8 nm,NA = 0.14).

5.3. Dir ect laserwriting in photoresist

An additional layer of photoresistwas spin coatedonto
the photoresistmicrolenses. The additional layer had a
thicknessof about2–3µm. Thephotoresistmicrolenseswere
characterizedwith a Twyman–Greeninterferometerbefore
andafter the depositionof the additionalphotoresistlayer.
Subsequently, acontinuousrelief 5×5 fan-outphasegrating
was written into the photoresistwith the laserwriter. We
useda reducedwriting speedof v = 10 mm s−1 and a
spot size of 1.3 µm (FWHM). The grating period of the
fan-outwas 51.2 µm. Since it was difficult to achieve a
homogeneouslayerof photoresistonthemicrolenseswith the
spinningprocedure,the fan-outsshoweda largeuniformity
error. Figure7 shows themeasuredintensitydistribution in
thefocalplaneof afocusingfan-outelementwith adiameter
of 990µm whichgenerates5× 5 diffractionorders.

6. Conc lusion

We have presentedminiaturized,focusingfan-outelements.
The new micro-optical elementswere fabricated using
different technologies: double-sidedinjection moulding
in polycarbonate, double-sided photolithography with
subsequentetching in quartz, and direct laser writing in
photoresist.For thefabrication,two differentconceptswere
used:eitherthetwoopticalfunctionsareimplementedonthe
two oppositesidesof onesubstrate,or the fan-outfunction
is superimposedon thefocusingfunctionof a plano-convex
microlens.

We have demonstrated that the three different
technologiescanbesuccessfullyemployedfor thefabrication
of miniaturizedfocusing, fan-outelements,althougheach
technologyhascertainadvantagesandlimitations. Thesmall
size of the combinedelementsmakes it necessaryto use
fan-out gratingswith small grating periods. This causes
a relatively large uniformity error for the fan-outelements
presentedin thiswork. Thecharacterizationshowedthatthe
quality andoverall performanceof the elementsfabricated
by injectionmouldingis satisfactory. Theadvantageof this
technologyis thepossibilityof massproductionat low cost.
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Thefocusingandthe fan-outfunctionson the two opposite
sidesarealignedtowithin about20µm. Thequartzelements
showedthebestopticalperformance.However, thetransfer
of deepphotoresistmicrolensesinto quartzis not a standard
process.Thedirectlaserwriting techniquehastheadvantage
that a prototypecanbe fabricatedrelatively quickly. For a
replicationof thehybridelementsonly onesurfacehasto be
replicatedandthereforeno alignmentis necessary. Critical
for the performanceof the elementsis the homogeneityof
theadditionalphotoresistlayer.
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