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Abstract. We present a finite-element method to calculate 3-D surface
profiles of refractive microlenses fabricated by melting-resist technology
(reflow technique). The geometry of the microlenses can be arbitrary.
Surface tension and gravity are taken into account. Gravity can have an
advantageous influence on the profile form, so that smaller focal spots
can be achieved. A simple scaling law is given to estimate the influence
of gravity on the profile form for given microlens parameters. We com-
pared various theoretical and measured surface profiles of microlenses
fabricated by melting-resist technology and found good agreement. Fi-
nally, the usefulness of this method for the design of refractive micro-
structures for smart masks is shown.

Subject terms: refractive microlenses; surface profile modeling; finite-element
method; surface tension; smart masks.
1 Introduction

Refractive microlensesare used in various applications
such as miniaturizedchemicaldetectionsystems,1 micro-
lens projectionlithography,2 and confocalmicroscopy.3 A
commonandwell-knownmethodto fabricaterefractivemi-
crolenses is the melting-resist technology ~reflow
technique!.1,4,5 Photoresistis depositedonto a substrate,
which is coatedwith a resist baselayer and afterwards
structured using standard photolithographic techniques.
Subsequently,the resist is melted in an oven and micro-
lensesare formed due to the surfacetensionof the liquid
resist.The fabricationprocessis illustratedin Fig. 1. This
processis well developed,and sphericalmicrolenses,for
example,canbe fabricatedwith diffraction-limited optical
properties.6

The fabrication processis dominatedby experimental
experience.Little work so far hasbeendedicatedto theo-
retical investigationsandanalysisof the surfaceprofilesin
termsof thebasicunderlyingphysicalquantities,especially
for arbitrarymicrolensgeometries.In thework of Sheridan
et al.7 themodelingof meltedsphericalmicrolensshapesis
treatedwith a heuristic approach,while in the work of
Erdmann8 the restrictionsconcerneither the geometryof
the structures,approximationsfor small radii of curvature,
or the exclusionof gravity. For sphericalor elliptical mi-
crolenseswithout gravitational influence, the theoretical
profile forms canbe determinedanalytically,while for ar-
bitrary microlensgeometriesthesurfaceprofileshaveto be
evaluatedwith numericalmethods.Examplesfor this kind
of more complicatedprofile forms are cylindrical micro-
lensesintersectingat 90 deg to form a microlenscorner
structure.Suchstructuresmight be usedin smart-maskli-
thographywheremicro-opticalelementsare usedto print
simplepatternsinto photoresist.9
In this paperwe presenta finite-elementmethodto cal-
culate 3-D surfaceprofiles of microlenseswith arbitrary
geometryunderthe influenceof surfacetensionandgrav-
ity. We demonstratethat for certain parametercombina-
tions gravity can have an advantageousinfluenceon the
surfaceprofile form of microlenses.We give a simplescal-
ing law to estimatethe influenceof gravity on the surface
profilesof meltingresistmicrolenses.We comparetheoret-
ical profile forms with measuredprofiles of fabricated
structuresto demonstratethe applicability of this finite-
elementmethodfor the modelingof the profile forms for
melting-resistmicrolenses.For the exampleof cylindrical
microlensesintersectingat 90 deg,we showhow theoreti-
cal predictionsfor the surfaceprofiles can be usedto im-
provethe designof smartmaskstructures.

2 Theory

Themodelthatwe apply to calculatethesurfaceprofilesof
melting-resistmicrolensesis basedon the assumptionthat
at a certainpoint during the melting-resistfabricationpro-
cessthe resist is a liquid with a fixed surfacetensionand
that a generalizedminimum surfaceis formed under the
additionalinfluenceof gravity. For a completedescription
of theproblemonehasto specifythegeometryof theresist
borders,theresistheight,thesurfacetensionandmassden-
sity of the liquid photoresist,andthe accelerationof grav-
ity. Here we assumethat during the melting processthe
bordersof the resiststructuresremainfixed, which is ex-
perimentallywell justified, at leastfor the fabricationpro-
cesswe used.With theseparameters,the problemis speci-
fied and the solution is completely determined if one
further assumesthat the volume is conservedduring the
melting process.If onedesiredto take into accountresist-
solventevaporationduringthemeltingprocess,thefabrica-
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Fig. 1 Melting resist fabrication of microlenses: (a) Photoresist is deposited onto a substrate with a
resist base layer and exposed to UV light through a chromium mask. (b) The exposed resist is
processed, and free-standing resist structures are created. (c) The microlenses are formed during
melting in an oven.
tion of evaporatedsolvent or the maximum microlens
heightafter melting could be usedasan additionalparam-
eter.

In the following, we presentthe basicequationsfor the
generalizedminimum-surfaceproblem.The partial differ-
ential equationthat describesthe surfaceprofile of a liquid
with a surfacetensions andmassdensityr in an external
potentialU is given by10
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whereR1(x,y) and R2(x,y) are the two principal radii of
curvature,l is a constant,andx andy areCartesiancoor-
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radii of curvature
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The influenceof gravity is describedby theexternalpoten-
tial U52gz, whereg is the accelerationof gravity. From
Eq. ~1! we get finally for the surfaceprofile z(x,y) the
differential equation
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The geometryis illustratedin Fig. 2.
The coefficientrg/s definesa typical length scaleLc

5(s/rg)1/2, which is called the capillary length. In the
following we replacethe constantrg/s by a andl/s by f.
Therefore,Eq. ~3! takesthe form
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This elliptic partialdifferentialequationwassolvedwith
a finite-elementmethod,as implementedin the partial dif-
ferential equationtoolbox in MATLAB™, 11 accordingto
the following scheme:First, the boundaryof the microlens
has to be specified. This boundary correspondsto the
boundaryof theresistcylindersbeforethemeltingprocess.
There are no restrictionsconcerningthe geometryof the
boundary.Next, a meshgrid with anappropriateresolution
hasto bedefinedovertheareaof interest,theinterior of the
microlensboundaries.An appropriateresolutionof thegrid
can always be found by using a set of meshgrids with
increasingresolutionwhile controlling the convergenceof
the obtainedsolutions.

Subsequently,theboundaryconditionshaveto bespeci-
fied. For the standardcaseit is clearly appropriateto use
Dirichlet boundaryconditions,wherethe solutionz for the
surfaceprofile is specifiedon the boundary.After melting
thesurfaceprofile heightis zeroon theboundary;therefore
the Dirichlet boundaryconditionbecomes

z~s~x,y!![0, ~5!

wheres(x,y) describesthe boundaryof the microlens.It
canbeusefulfor certainspecialcasesto useotherboundary
conditions,like Neumannboundaryconditions,wherethe
derivativeof theprofile heightis givenon theboundary,or

Fig. 2 Arbitrary surface z(x,y) with the two principal radii of curva-
ture R1(x,y) and R2(x,y).
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mixed boundaryconditions,wherea combinationof z and
the derivativeof z is specifiedon the boundary.

Theparameterss, r, andl, or equivalentlya andf, have
to bespecified.Of these,s andr arematerialconstantsthat
dependon the photoresistusedfor the fabrication of the
microlenses,andl hasto bedeterminedwith thehelpof an
additional parameter,such as the volume or maximum
height of the final surfaceprofile. Typical valuesfor the
mass density and surface tension of a photoresistare
r51000 kg/m3 and s5(2.5to5)31022 N/m,
respectively.8,12Therefore,a typical valuefor theparameter
a is about231027 mm22, which correspondsto a typical
lengthscaleof Lc'2 mm.

In orderto validatethe modelingmethod,we compared
thesolutionsobtainedby it with theanalyticalsolutionsfor
two caseswith simpleboundarieswithout gravity: a circu-
lar boundaryandstraightparallelboundaries.In thesecases
the profiles are a sphericalsurfaceand a circular arc sur-
face, respectively.For both casesthe microlens heights
were 10 mm and the diameteror width was 100 mm. The
relative height difference betweenthe two solutions, as
shownin Fig. 3, wasin bothcasessmallerthan0.5%.This
remainingsmall differenceis due to the grid of the finite-
elementmodelingmethodandcould be reducedfurther by
usinga finer grid.

By rewriting Eq. ~1! with the parametersa and f, we
obtainthe equation

F 1
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1

1

R2~x,y!
G2az~x,y!1 f 50. ~6!

If the linear dimensionsand the surfaceprofile height are
scaledwith anarbitrarydimensionlessparameterb, we get

x85bx, ~7!
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Fig. 3 Relative height difference between the analytical solution
and the solution obtained by the modeling method. The solid line
indicates a circular boundary, the dashed line straight parallel
boundaries. Both cases are without gravity.
z8~x,y!5bz~x,y!, ~9!

andthe radii of curvaturescaleas

Ri85bRi , i 51,2. ~10!

As a consequence,Eq. ~6! remainsinvariant if at the same
time the parametersa and f arescaledaccordingto
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a
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b
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The scalingpropertyof Eq. ~6! is employedin Sec.3.

3 Results and Discussion

We have investigatedthe influence of the direction and
strengthof gravity on the surfaceprofile form of spherical
microlenses.The parametersr, g, ands appearin Eq. ~4!
in thecombinedform of theparametera5rg/s. For fixed
valuesof massdensityr andsurfacetensions, the varia-
tion of the parametera correspondsto a variationof grav-
ity. We haveto distinguishbetweentwo different cases.In
the first case,gravity points from the substrateto the mi-
crolenssurface~hangingmicrolenses!, correspondingto a
,0. In the other case,gravity points from the microlens
surfaceto the substrate~lying microlenses!, corresponding
to a.0. The two different configurationsare displayedin
Fig. 4.

We havecalculatedfor sphericalmicrolenseswith a di-
ameterof 100 mm anda typical resistcylinder heightof 9
mm thesurfaceprofile formsasa functionof theparameter
a. Subsequently,we have calculated the corresponding
Zernikepolynomialsof thesurfaceandanalyzedtheprofile
forms with a commercial raytrace program ~Raytrace
6.1™!. We haveevaluatedthe focal spot size for the mi-
crolenseswith a refractive index of n51.5, illuminated
with a planewavefrom theconvexside.Thefocal spotwas
definedasthe point of leastconfusion.

The resultsof the simulationsare shown in Fig. 5. A
significant influenceon the spot size can be observedfor
parametervaluesuau.231025 mm22 in both casesof the
directionof gravity. This valueof a correspondsto a cap-
illary lengthof Lc'200 mm, which is on the orderof the
microlens diameter of 100 mm. For values uau.5

Fig. 4 Gravity g acting on the melting photoresist during microlens
formation: (a) hanging microlens (a,0), (b) lying microlens (a
.0).
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31024 mm22 the spot size changesdramatically.The be-
havior of the spotsizeis quite different for the two differ-
ent directionsof gravity. While for lying microlensesthe
focal-spotsize increasescontinuously,for hangingmicro-
lensesa decreasein size with increasinguau is possible
becauseof thereductionof sphericalaberrationby thicken-
ing at the centerof the lens.The smallestspot is achieved
for uau'331024 mm22. The focal spot is 25% smaller
than for a comparablemicrolenswithout gravitationalin-
fluencein this configuration.

The scalinglaw introducedin Sec.2 predictsthat if the
length scalesfor a given microlensgeometryare changed
by one order of magnitude,then the parametera5rg/s
hasto be scaledby two ordersof magnitudeto reproduce
an identicalsurfaceprofile. As shownabove,gravity starts
to have an influence on the surface profile for uau.2
31025 mm22 for microlenseswith diameter 100 mm.
Therefore,one can concludethat, assuminga typical pa-
rametervalueof a'231027 mm22 for standardphotore-
sist,gravitationwill start to havea significantinfluenceon
the profile form for microlenseswith diameterslargerthan
about1000mm. Equivalently,if the parametera could be

Fig. 5 Focal-spot size as a function of the parameter a5rg/s: (a)
hanging microlens (a,0), (b) lying microlens (a.0).
changedby two ordersof magnitude,for exampleby using
other materialsor by increasinggravity with a centrifuge,
the influenceon the surfaceprofile would becomesignifi-
cant for diameterslarger thanabout100 mm.

Sincethe scalinglaw is valid in general,the conclusion
about the point where gravity has a significant influence
can be extendedto arbitrary microlens structureswhere
typical radii of curvatureare comparablewith the radii of
curvatureof theinvestigatedsphericalmicrolenses.For mi-
crolensstructureswith other typical radii of curvature,the
critical value of the parametera for the onsetof gravity
influencecan be determinedby the scaling laws given in
Eqs.~7! to ~12!.

We fabricatedvarious test structuresto verify the de-
scribedfinite-elementmodelingfor microlenssurfacepro-
files with arbitrarygeometry.The different geometriesand
the comparisonof the theoreticaland the experimentalre-
sultsareshownin Figs. 6–8. The microlenseswere fabri-
catedfollowing the processdescribedby Nussbaumet al.1

We usedthe photoresistAZ 4562 from Hoechst.We al-
ways calculated3-D surfaceprofiles and took crosssec-
tions for comparisonwith the measuredcurves.For the
investigatedmicrolensesthe influenceof gravity wasneg-

Fig. 6 Two cylindrical microlenses intersecting at an angle of
a5135 deg: (a) geometrical configuration, (b) theoretical and experi-
mental profile curves for the cross sections 1 and 2 indicated in (a).
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ligible; thereforeall profile forms were calculatedwith a
50. All experimentalcurvesweremeasuredwith a profilo-
meter~TencorInstruments!. The exactpositionsanddirec-
tionsof themeasuredcurveswerecontrolledwith a micro-
scopethat allowedus to view the profilometertip and the
microstructuresto be measured.

Figure6~a! showsa microlensstructurewith two cylin-
drical microlensesintersectingat an angleof 135 deg.The
comparisonof thetheoreticalandexperimentalsurfacepro-
files for crosssections1 and2 as indicatedin Fig. 6~a! is
shownin Fig. 6~b!. The agreementbetweencalculatedand
measuredprofile formsis very goodfor crosssection1. For
crosssection2 themaximumheightandthegeneralprofile
form arewell reproduced,while the lateralpositionof the
maximumheight is slightly displaced.

It is desirablefor certain smart-maskapplicationsto
haveconnected,cylindrical microlensesthat form a 90 deg
angle.We fabricatedtwo different structuresof connected
cylindrical microlensesat an angle of 90 deg, shown in
Figs. 7 and 8. In the layout of Fig. 7, the microlensesare
directly connected,forming a sharpcorner.In the layoutof
Fig. 8, the 90-degcorneris rounded,so that the microlens
hasa constantwidth. For thesetwo structureswe calculated
andmeasuredthe profile forms andfound againan experi-
mental verification of the theoreticalresults,as expected.

Fig. 7 Two cylindrical microlenses intersecting at an angle of a590
deg: (a) geometrical configuration, (b) theoretical and experimental
profile curves for the cross sections 1 and 2 indicated in (a).
Crosssection1 in Fig. 7 yields the sameresult as for the
structurewith a5135deg,becauseit correspondssimply to
the surfaceprofile of a cylindrical microlens.The agree-
mentbetweencalculatedandmeasureddatafor crosssec-
tion 2 is satisfactory.However,the absoluteprofile height
is slightly underestimatedandthe theoreticalprofile shows
a slight deviation from the measuredone. For both cross
sectionsdisplayedin Fig. 8, we found excellentagreement
betweentheoreticalandexperimentalprofiles.

Theconstant-widthstructurein Fig. 8, with a difference
betweeninterior andexteriorradii of curvatureequalto the
width of the structure,has the expectedproperty that the
microlens height is constantand that the cross-sectional
profile is identicalfor thewholemicrolens.Thefocal line is
thereforeproducedin thesameplanealongthewholestruc-
ture.Thereforethis structurewould bethemostappropriate
for smart-maskapplications,where patternsin the focal
planehaveto beprintedinto resist.The fact that theagree-
mentbetweentheoreticalandexperimentalsurfaceprofiles
wasbetterfor smoothstructuresthanfor structureshaving
sharpcornerswasalsoconfirmedby otherexperiments.

Fig. 8 Improved corner structure for two microlenses with a
constant-width design: (a) geometrical configuration, (b) theoretical
and experimental profile curves for the cross sections 1 and 2 indi-
cated in (a).
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4 Conclusions

We have presenteda finite-elementmethodto determine
theoreticallythe 3-D surfaceprofilesof microlensesfabri-
catedby melting-resisttechnologyfor arbitrary microlens
geometries.For sphericalmicrolensestheinfluenceof grav-
ity on theprofile form wascalculatedandtheopticalprop-
ertiesof the resultingprofile forms were analyzedwith a
commercialraytraceprogram.We found that for hanging
microlensesa better focal spot can be achievedthan for
lying microlenses.With the help of a simple scaling law,
we deriveda rule of thumb to decidewhen gravity hasa
nonnegligibleinfluenceon the surfaceprofiles of micro-
lenses.We comparedtheoreticaland experimentalresults
for the surfaceprofiles of different structuresand found
goodagreement.For cylindrical microlensesintersectingat
90 deg, we demonstratedthe utility of this modeling
method for the design of nonstandardmicrolensesfor
smart-maskapplications.
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