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1 Introduction

The realization of high quality refractive microlensesis
well known and has beenreported severaltimes in the
past! Variousfabricationtechniqueshavebeenusedto ob-
tain accurate surface-relief refractive microlenses.Well
known aredirect writing techniquesand graytonelithogra-
phy. In directwriting, a laseror an e-beamshapeshe sur-
face of the microlensin photoresist:® In the caseof gray-
tone lithography, the photoresistiayer is exposedby UV
light passingthrough a mask that has different graytone
densitiesover the surface* Another promising technique
for the fabricationof refractivemicrolensess the so-called
melting resistor reflow method>®’ Photoresistcylinders
are formed by photolithographyand subsequenmelting.
Surfacetensionforms plano-convexmicrolense$. Because
of the physical propertiesof the fabricationstep,the pos-
sible geometryof the microlensess limited. In addition,a
minimum photoresistvolumeis requiredto enablethe for-
mation of a sphericalsurface.Thus, numerical apertures
(NA) of refractive microlensesrealizedby melting resist
technologyare limited to NA>0.1.

Dry etchingplaysan imgortantrole in the fabricationof
micro-optical elements''® The transfer of photoresist
structuresnto rigid materialse.g.,fusedsilica, showssev-
eraladvantagessuchastherobustnessf the elementsand
the highertransmissiorat UV wavelengthsln addition,the
dry etchingtransferstepallows the modificationand con-
trol of the dimensionsandshape®f refractivemicrolenses.
A variableamplificationor reductionof the vertical dimen-
sion of the structureis possible.Melting resisttechnology
combinedwith low selectivity etchingpresenta big poten-
tial for the fabrication of low NA refractive microlenses.
This fabrication methodrevealsnew domainsof applica-
tions wherethe useof melting resistmicrolenseshasbeen
limited up to now. Recentesultson therealizationof fused
silica refractive microlenseshaving low numerical aper-
tures are presentedWe summarizethe limitation of the
melting resist methodwith respectto the dimensionsand
forms of the microlensesNonproportionaltransferusing
reactiveion etchingis explainedand commentedIn par-
ticular, low selectivityetchingis appliedfor the fabrication
of low numericalaperturerefractive microlensesn fused
silica.

2 Melting Resist Technology and Its Limitation
The mostpromisingfabricationtechniquefor refractivemi-

crolensess the so-calledmelting resistor reflow technol-
ogy. Photoresistcylinders are formed by lithography and

subsequenmmelting. Surfacetensionforms plano-convex
microlense$. Lithographyinto thick photoresisiayers (10

to 50 um) is limited by diffraction to an aspectratio of 4.

Thus, with the standardfabrication process,the gap be-

tweenthe lenseshasto be larger than one quarterof the

thicknessof the photoresistayer.

Anotherlimitation is the contactangleat the rim of the
lensgiven by the materials(lensand substratg Therefore,
the ratio betweendiameterand height of the microlensis
importantto avoid a deformationof the microlensin the
center.For example this ratio (diameter/heightshouldbe
lessthan 16 for a microlensof diameter350 um. Conse-
qguently, the numerical apertureof refractive microlenses
realizedby the melting resisttechniqueis limited to values
higherthan0.1. For smallerNA, a dip occursin the center
during the melting process.

The possiblesurfaceshapegeneratedy the melting re-
sistprocesgin theideal casespherical may differ from the
desiredgeometryof the microlens(asphericshapeandlow
NA). Correctionsare thereforerequiredduring the etching
process.

3 Nonproportional
Etching

The transfer of photoresistmicro-optical structuresinto
rigid materialssuchasglass,fusedsilica, or silicon is pos-
sible using reactiveion etching(RIE).”*°In dry etching,
usingRIE, atomsfrom the photoresissurfaceandthe fused
silica substratematerialareremovedsimultaneoushby en-
ergeticions until the shapeis completelytransferredinto
the fused silica substrate.We work with an inductively
coupled plasma (ICP) reactive ion etching systemfrom
SurfaceTechnologySystemsd.imited (STSLtd.). By using
a fluorocarbon-baseathemistry, standardselectivity be-
tweenphotoresistand fusedsilica rangingfrom 1.2 to 0.8
are obtainedat etchratesaround300 nm/mn***2 with the
useof anadequatevafer cooling, pitting of the surfacecan
be avoidedand the surfaceroughnessmeasuredwith an
atomicforce microscopés in the orderof 3 nm (RMS).
The valuesmentionedbeforefor the etch selectivity al-
low the modificationof theinitial surfaceshapeto fabricate
aspheridenses'? However,this modificationis not enough
to realizeflat microlensesvith NA<<0.1.If we wantto use
the melting resisttechnology,a muchlower etchingselec-
tivity betweenphotoresistandfusedsilica is required.This
is possibleby usinga gasmixture composedf Sk; andO..
We have obtainedselectivity smallerthan 0.1 by using a
gasmixture composedf Sk; andO,. Sincethe photoresist
plano-convexmicrolenseswith a heightof 31.5 um for a
diameterof 300 um presenta good sphericalshapeiit is
usedasa startingpoint for the transfer.The procesgparam-
etersfor the etching step are: platen power 250 W, caoill
power 600 W, chamberpressure3 mT, wafer temperature
20°C, the SF; flow rate 3 sccm,andthe amountof O, was
reducedfrom 33 to 18 sccmover the whole process.This
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Fig. 1 Surface profile and deviation from sphere of a photoresist plano-convex microlens (diameter
300 pum, height 31.5 um), measured with a Mach-Zehnder interferometer.

reductionof the amountof O, in the gasmixture reduces
the selectivity betweenphotoresistand fusedsilica, avoid-

ing thefinal fusedsilica microlenseso becomeoo steepin

the rim region. The total etch procesgime was around50

min. After processingfusedsilica plano-convexefractive
microlenseswith a diameterof 300 um anda heightof 3

um havebeenobtained.

4 Characterization Methods

Variousaccurataneasuremergystemsareavailablefor the
characterizatiorof micro-optical elements.However, ad-
equateand dedicatedools haveto be used’ At the differ-
ent stagesof the fabricationprocessjnspectionsand mea-
surementdake place. A first generalvisual inspectionis
performedwith a standardoptical inspectionmicroscope.
Eventualdefectsand overall aspectare observed. A me-
chanicalstylusprofilometerfrom Tencoris usedto measure
variousheightsof the photoresistayer andthe final height
of the microlensesA mechanicaktylus profilometeris an
accuratetool for the measuremendf heightdifferencesin
microtechnology but has poor performancedor the mea-
suremenf the lensshapebecausef the mechanicaton-
tact of the stylusto the micro-optical structureduring the
scan.Another problemis the size of the stylus. The rim
region of the microlensescannotbe inspectedbecausehe
stylusis in generaimuchlargerthanthe smallgapbetween
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the microlensesFor a more accuratemeasuremenof the
microlensshape interferometricinspectionis applied**
We useda Mach-Zehnderinterferometerwith a quantita-
tive phaseevaluationbasedon phaseshifting interferom-
etry. In the testarm of this interferometerthe microlens
undertestis illuminatedwith anexpandelanewavefrom
a Helium-Neonlaser(\ =633nm). The plano-convexmi-
crolens generatesa spherical wavefront. This spherical
wavefrontis recollimatedusing a high quality microscope
objectivehaving very small aberrationsThe superposition
of the planewavesof the referenceand the testarm pro-
ducesaninterferogranthat describeghe aberrationf the
wavefrontgeneratedy the microlens.From the wavefront
deviations,it is possibleto calculatepreciselythe surface
profile of the microlens.The Mach-Zehndeinterferometer
is working in transmissionSpecialcarehasto be takenfor
the measurementf photoresisimicrolensesecausef the
eventualinhomogeneityof the refractiveindex. For the fi-
nal elementsn fusedsilica, this effectis lessimportant.

5 Results

Refractivecylindrical microlensarrayshavebeenrealized
in photoresistby using the melting resisttechnique.The
elementsin photoresisthave beenanalyzedby measuring
their profile with a Mach-ZehndeinterferometerThe cor-
respondingdeviationfrom a perfectspherehasbeencalcu-
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Fig. 2 Surface profile and deviation from perfect sphere of a fused silica plano-convex microlens
(width 300 um, height 3 um), measured with a Mach-Zehnder interferometer.



lated from the measuredwavefront. Figure 1 showsthe
surfaceprofile andthe deviationfrom the sphereof a pho-
toresistplano-convexmicrolenshaving a diameterof 300
pm anda heightof 31.5 um. The NA is =0.21.

From Fig. 1, it canbe noticedthat the maximumdevia-
tion from the perfectsphereis in the orderof +2 um. The
measuremenof the height of the photoresistmicrolenses
usinga mechanicabktylus profilometerrevealeda homoge-
neity of =2% overthe 75-mmroundareaof the microlens
array.

From this microlensarray in photoresist(NA=0.21),
low NA refractivemicrolensedhavebeenrealizedin fused
silica by RIE. With the low selectivity etchingprocessde-
scribed,we obtainedmicrolenseswith a final height of 3
pm. The resulting NA is 0.018. Figure 2 illustrates the
surfaceprofile and the deviationfrom a perfectspherical
profile of the transferredusedsilica element.

With the Mach-Zehndetinterferometerwe measurech
maximum deviation from a perfect spherical profile of
—0.17 um.

6 Conclusion

We presenthe resultsof our work concerningthe fabrica-
tion of fusedsilica microlenseswith low NA. The original
photoresiselementhasbeenrealizedby the melting resist
technologyand hasthen beentransferredinto fusedsilica
by reactiveion etching.Low selectivity etchinghasbeen
appliedto realizethe low NA microlensesAn etchselec-
tivity betweenphotoresiseandfusedsilica downto 0.1 has
beenachievedby using SF; and O, gasesRefractivemi-

crolenseswith NAs down to 0.018 have been obtained.
SmallerNAs arepossibleby usingalower concentratiorof
the SF; gas.Low NA refractive microlensesare required
for Shack-Hartmanwavefront sensorapplicationsto in-

creasethe sensitivity of the sensorOf course othermicro-
fabrication methods(laser beamwriting and graytoneli-

thography allow the realizationof this type of elementput
the melting technique yields a very well defined and
smoothsurfaceprofile. The measuredurfaceroughnesss
in the order of 3 nm (RMS). Reactiveion etchingis an

ideal methodto transfer,modify, and reducethe surface
profile of refractive microlensesHowever,becauseof the
big amountof burnedphotoresisandthe generatiorof a lot

of polymermaterial,this transferprocesss ratherdirty for

the etching chamber.Regularmechanicalcleaningof the
systemis requiredto ensuregood quality and a reproduc-
ible process.
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