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elements

Abstract. A simple technique for the replication of micro-optical ele-
ments is presented. Elastomeric material is used to realize a negative
mold of the original optical element and UV-curing adhesive is used to
make the replicated copy. Replicated elements, such as refractive and
diffractive micro-optical elements, are produced. The refractive micro-
lenses have a diameter of 970 um and a height of 79 um and the dif-
fractive element is a multilevel blazed grating with a period of 64 um.
The characteristics of the replicated elements are measured using differ-
ent methods. The deviation from a sphere of the original and the repli-
cated refractive microlenses is 0.13\ and 0.12\ root mean square (rms),
respectively. The replicated multilevel blazed grating has a diffraction
efficiency of over 80%. An alternative method for realizing planoconcave
microlenses from a planoconvex master is also presented.

Subject terms: replication; micro-optical elements; microsystems; elastomeric
material.

1 Introduction

The replication of surface-reliefmicro-optical elements,
such as refractive microlens arrays or diffractive optical
elements (DOE9, is of great interest for optical
microsystem$.Comparedo theinitial photoresiselement,
thereplicatedelementoffers high transmissiorandreduced
materialfluorescenceStandardeplicationtechniquessuch
ashot embossingmolding,or casting,arekey technologies
for low-costmass-productionf micro-opticalelements. In
contrastto thesewell-known techniqueswe investigatea
new methodthat offers a facility to replicate optical ele-
mentswithout requiring complicatedand expensiveinfra-
structures, such as sputtering chambers, electroplating
baths,embossingmachinesor injection molding systems.
This methodwasfirst appliedto optical elementy Wilbur
et al® and Xia et al.* Their paperspresentthe basicprin-
ciple and somemechanicapropertiesof the elementsin a
more recentpublication, Daly et al.> usedthe sametech-
nigue to replicaterefractive microlensarrayswith elasto-
meric materialfor the mold. They usedthermally curable
epoxyfor the replicatedelement.

We reporton the optical propertiesof replicatedmicro-
optical elementsFor the replicationwe usethe samecom-
mercially availableelastomerianaterialto realizethe mold
asin Ref. 5, but we usea UV-curing adhesivefor the rep-
lication. The elementswere refractive microlens arrays,
having featuresup to 1.4 mm diameterand 95 um lens
height,andmultilevel diffractive blazedgratings havingup
to eightlevelsand periodsdownto 2 um. Different char-
acterization methods, such as accurate interferometric
analysisof the microlensshapeor diffraction efficienciesof
the blazedgratings,are usedto analyzethe performanceof
the replications. An alternative method to realize good
quality planoconcaverefractive microlensesis also pre-

sentedFirst, we describethe simplereplicationmethodand
thenwe presentresultsfor the realizedelements.

2 Fabrication Method

The fabrication of replicatedelementsis realizedin two
steps.Thefirst stepconsistsof makingthe negativemold of
the original element,andthe secondstepis the replication
in UV-curing adhesive,as shownin Fig. 1. The original
micro-opticalelementis first preparedby a cleaningproce-
dureusinga nitrogenjet, if the original elementis madeof
photoresistor usingsolvents,if it is madeof a hard mate-
rial suchasglassor silicon. The elastomerianaterialused
for the mold is commerciallyavailablefrom Dow Corning
(Sylgard 184). This material is a two-componentsilicon
elastomedevelopedor encapsulatingnd protectingelec-
tronic circuits or solarcells againstexternalinfluencessuch
asshocksor dustparticles.For the preparatiorof the moul-
ding material ,the manufacturerecommends mixture of 1
part of catalyzerfor 10 partsof elastomerWe also tried
othermixtureswith lesssuccessAfter pouringthe mixture
ontothe original masterbothareputin anovenandbaked
at 50°C for one night (12 h). Oncethe elastomeris hard-
ened,it is very simpleto separateéhe mold from the origi-
nal master.The adhesiorof both partsis only by vacuum,
thusthe original masterremainsintact after the separation.
This property can be an importantissueif severalmolds
mustbe realizedfrom the sameoriginal master.

For the replicationstep,a standardJV-curing adhesive
is used. The NOA 61 from Norland Optical Adhesives
shows very good results for refractive and diffractive
micro-opticalelementsThe adhesivegoresentgoodoptical
quality, a refractiveindex of 1.56, and good transmission
for visible and IR light. For the UV regionbelow 400 nm,
the adhesivehasa high absorbanceas do all organicma-



Elastomeric Baking Elastomeric
material 50°C /12 hours mold
e
Micro-optical
structure
Substrate uv Replicated micro-
exposition optical element
i e e —————]
Elastomeric UV-curing
mold adhesive

Fig. 1 Replication of micro-optical elements using elastomeric
molds and UV-curing adhesive.

terials.A small dropletof this NOA 61 adhesives poured
on the elastomericmold. Care must be takento avoid air
bubbles A substratde.g.,glass,quartz,or plastig is puton
top of this adhesivdayerto providea flat optical substrate
for thereplicatedelementFor the polymerizationa 500-W
flood exposuremercurylamp from Oriel is used.It is im-
portantthat the adhesiveis well curedunderUV light. In
our case,an exposureof 20 min with an intensity of 10
W/cn? wasfoundto beideal. Finally, the separatiorof the
replicatedmicro-opticalelementfrom the elastomerianold
is againvery simple.

3 Experimental Results

3.1 Refractive Microlenses

Refractivemicrolensarrayswere usedas original masters
to verify the quality of this replicationmethod.The original
microlensarray was realizedusing the melting resisttech-
nology, wherephotoresispedestalsvere obtainedby pho-
tolithographicsteps” A melting stepforms planoconvex
microlenses.Using this technique,the realized elements
were quasi-perfecpartsof a sphere® The replicationtech-
niquedescribedn the precedingsectionwasusedto make
copiesof thesemicrolensesThe diameterof the lensesvas
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970 um andthe heightwas 79 um. A Twyman-Greerin-
terferometer was used to characterize the replicated
elements. The resultswerecomparedo the measurements
of the original master.Figure 2 showsthe deviationfrom
sphereof the original resist microlens and the deviation
from sphereof the microlensreplicatedin UV-curing ad-
hesive.The observedieviationfrom spherewas0.13\ root
meansquare(rms) and 1.1I\ peak-to-valley(p/v) for the
original masterand 0.12\ (rms) and 1.0\ peak-to-valley
(p/v) for the replicatedmicrolens.

An atomic force microscope(AFM) was usedto mea-
surethe surfaceroughnes®f the original photoresisimas-
ter microlensandof the replicatedepoxymicrolens.A sur-
face roughnesf 2 to 3 nm (rms) was measuredor the
original photoresistelementand about4 nm (rms) for the
replicated structure. These surface roughnessvalues are
negligible for visible light and are of lessimportancefor
UV light sincethe UV-curing adhesivehaslow transmis-
sion in this wavelengthdomain (30% transmissiorat 300
nm for NOA 61 adhesive

Replicationof micro-optical elementsprovideshigh fi-
delity of the geometricalshapeand dimension:diameter,
lens height, or radiusof curvatureof the original element.
Due to the changeof materialbetweenthe original andthe
replicatedelement,the optical propertieschangealso. A
changen therefractiveindex, for example directly affects
thefocal lengthof thereplicatedelement.This fact mustbe
taken into accountin the designof a replicated micro-
optical element.

3.2 Planoconcave Replicated Microlens from a
Planoconvex Original Master

The melting resisttechnologyis limited to the fabrication
of planoconveXensesThereforeit is interestingto realize
plano-concavelenses by replication. The mold of a
1.4-mm-diamand 95-um-height microlens was realized.
This planoconcavemold servedas a masterfor a second
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Fig. 2 Deviation from sphere measured with a Twyman-Green interferometer: (a) original resist mas-
ter and (b) replicated element. The diameter of the microlens is 970 um and the height is 79 um.
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Fig. 3 Surface profiles measured with a stylus profilometer: (a) original planoconvex resist microlens
master, (b) replicated planoconvex microlens, and (c) replicated planoconcave microlens. The diam-

eter of the lens is 1.4 mm and the height is 95 um.

molding. From this secondplanoconvexelastomerianold,
a replication was made using UV-curing adhesiveas de-
scribedpreviously. The achievedelementwas a replicated
planoconcavemicrolens.Figure 3 showsthe surfacepro-
file, measuredwith a Tencor stylus profilometer, of the
original planoconvexesistmicrolensmasterthe replicated
planoconvexmicrolens, and the replicated planoconcave
microlens.

The replicatedplanoconvexand planoconcaveslements
havethe samegeometricaldimensions.The measuredur-
faceprofilesshowthe sameheightof 95 um for a diameter
of 1.4 mm for the three elements(Fig. 3). No significant
error is observedbetweenthe profiles. A Twyman-Green
interferometelis well suitedto measurehe deviationfrom
sphereof a planoconvexmicrolens.However, it is more
difficult to getanaccurataesultfor planoconcavepherical
profiles. In this work, it was not possibleto measurethe
deviationfrom sphereof the planoconcaveeplicatedele-
ment. In the future, modificationsin the setupandin the
interferometer software must be realized to adapt the
methodalsoto planoconcavesphericalshapes.

3.3 Multilevel Blazed Gratings

Multilevel blazedgratingsservedas masterdor replication
of diffractive micro-optical elements.The original DOE

wasrealizedin different sequencesising a seriesof litho-

graphicandetchingsteps:® The obtainedstructureis a so-
called multilevel blazedgrating. Replicationusing elasto-
meric materialand UV-curing adhesivesvasperformedon

this type of element.We replicatedmultilevel blazedgrat-
ings with periodsfrom 64 to 8 um having eight phase
levelswith goodresults.Figure4 showsscanningelectron
microscopy(SEM) picturesof anoriginal masterandarep-
licated multilevel blazed grating (64 um period blazed
grating having eightlevels.

The diffraction efficiencies of the different elements
were analyzed.The diffraction efficiencyis definedasthe
ratio betweerthe powerin thefirst diffraction orderandthe
powerof theincidentbeam.The elementsvereilluminated
with a He-Nelaserandthe intensityin the first diffraction
order was measuredFor the original blazedgrating (64-
um periodblazedgratinghavingeightlevels, an efficiency
of 84.7% was obtained. The efficiency of the replicated
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Fig. 4 SEM pictures of (a) the original master and (b) the replicated element. The period of the

eight-level blazed grating is 64 pm.

multilevel blazed grating at the same wavelength was
77.9%.The importantdifferencein the diffraction efficien-
ciesof the original andthe replicatedelementss dueto a
differentphasedelayfor the two elementsin this case the
original quartz elementwas designedfor He-Ne wave-
length of 633 nm with a refractive index of 1.457. The
replicatedelementhasthe samegrating depth but another
phasedelaybecausef the refractiveindexof 1.557at 633
nm. The appropriatewavelengthfor the phasedelay of the
replicatedelementis around790nm. A tunableTi:Sapphire
laserat a wavelengthof 790 nm was usedto measurethe
diffraction efficiency. An efficiencyin the first diffraction
orderof 84.8%wasobtained.

4 Conclusions

We demonstratethe fabricationof good-qualityreplicated
micro-optical elements using elastomeric molds. This
simple techniqueis very promising for small replication
seriesGoodresultsfor bothrefractivemicrolensarraysand
DOEswereobtained No significantdifferencebetweerthe
original mastersand the replicatedelementswas noticed.
The fact thatthe original masteris still intact afterthe pro-
cessis anadvantagéf severalmoldsmustbe realizedfrom
the sameoriginal element.We also demonstratedhat this
techniqueis suitablefor the realizationof invertedcopies.
Planoconcavenicrolensesvereproducedrom a planocon-
vex original mastermicrolens.

Standardmicro-opticalelementsare alwaysrealizedon
a hard carrier substratehaving a thicknessof severalhun-
dredmicrometersin somecasessuchasthe integrationof
micro-optical elementsin microsystemsthesebulky sub-
stratesare not acceptableUsing elastomericmolds, it is
possibleto use them as stampsto createisolated micro-
optical elementswhich canbe integrateddirectly in micro-
systemswithout bulky carrier substrates.
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