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imaging system for photolithography

Abstract. A micro-optical system is proposed that uses a stack of four
microlens arrays for 1:1 imaging of extended object planes. The system
is based on the concept of multiple-aperture imaging. A compact system
is presented that is remarkable in that it provides a diffraction-limited
resolution of 3 um for unlimited object and image areas. Resolution of 5
um has been demonstrated for an area of 20x20 mm? in an experimen-
tal setup using melting resist microlens arrays (190-um lens diameter).
The investigated imaging system was developed in connection with a
new contactless photolithographic technique called microlens lithogra-
phy. This new lithographic imaging technique provides an increased
depth of focus (>50 um) at a larger working distance (>1 mm) than with
customary proximity printing. Potential applications are photolithography
for large print areas (flat panel displays, color filters), for thick photoresist
layers (micromechanics), on curved surfaces (or substrates with poor
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planarity), in V grooves, etc.

Subject terms: micro-optics; microlens arrays; multiple aperture; photolithogra-
phy; flat-panel display fabrication; micromechanics.

1 Introduction

The investigatedmicrolensarray imaging systemwas de-
velopedin connectionwith a new contactlesgphotolitho-
graphictechniquecalledmicrolenslithography2 This new
techniqueis aimedat flat paneldisplays,micromechanics
or multichip modulemanufacturinghatrequiresonly mod-

erateresolution,on the orderof 3 to 5 um. The goalis to

createan erectl:1imageof a largelithographicmaskon a

photosensitivdayer. The microlensimagingsystemwill be

integratedinto proximity printing machines.

Conventionalimaging systems such as lithographic or
photographicobjectives, consist of different optical ele-
mentsin a linear arrangementThe image is transported
within a single optical channel All elementshavea com-
mon optical axis. The optical propertiesare definedby ap-
erture and focal length. Array imaging systemstransport
the light throughdifferent optical channeldn parallel—for
example,through an array of microlenses objectives,or
telescopesThe image formation can be completelysepa-
rate for eachchannel(fly’s eye, integral photography, or
imagestransportedy adjacentchannelscanoverlapor in-
terfereto form complexcompositeimages.Now, the opti-
cal propertiesdependon the parameterof the local sub-
systems,on the geometryof the array, and on the optical
propertiesof the illumination.

Array imaging systems using multigle apertures
havebeenwidely studiedfor many decades ™t Examples
of a?j)licationsinclude photocoepyingmachinesl,z'13 cam-
eras:* integral photography®>!® scannersand printers?’
optical correlatorst® and multiple-mirror telescope$®?° In
the past,the resolutionof microlensarrayimaging systems
wasmostly limited to a few lines per millimeter andrarely
suitable for lithographic applications. A significant im-

provementof the optical performancecan be achievedby
using melting resist microlens arrays and an optimized
symmetrical setup based on the system proposed by
Andersorf

2 Description of the Microlens Array System

The describedsystemis a multiple-aperturesystemconsist-
ing of a stackof four microlensarraysforming an array of
micro-objectives. A scheme of two adjacent micro-
objectivesis shownin Fig. 1. Two microlensarraysL1 and
L2 are usedfor imaging. Two arraysFL1 and FL2 are
combinedto serveasa field lensarray. The setupis fully

symmetrical. A demagnificatiorof the intermediateimage

mask microlens system substrate
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Fig. 1 Microlens array system for erect imaging at unit magnifica-
tion. Two microlens arrays, L1 and L2, are used for imaging. A com-
bination of two microlens arrays, FL1 and FL2, serves as a field
lens.
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Fig. 2 Ray-tracing analysis for two adjacent micro-objective channels. The images overlap in the
image plane. A diffraction-limited resolution of 3 um was found for the whole image field.

is introducedto avoid crosstalkbetweenadjacentmicro-
objectivechannel$ Eachpointin the objectplaneis simul-
taneouslytransportedby different micro-objectives.The
partial imagesoverlap coincidentallyin the final imageto
provide a single,completeimageof the object.

Figure 2 shows ray tracing for two adjacentmicro-
objective channels.The systemwas calculatedfor refrac-
tive microlenses(plano-convexasphere;198-um diam;
fusedsilica, ny0e=1.469; focal lengthsf ; ,=500 um and
fr1,=750 um). The imagesare transportedby different
channelsand overlap perfectly in the image plane. A
diffraction-limited spot size of 3 um (NA~0.07, \,=406
nm) was found for the whole imagefield. Figure 2 shows
the distribution of the raysin the imageplane.

The imaging systemtakes advantageof the following
optical designconcepts:

1. Symmetry: For symmetrical systemsthe antisym-
metricalwavefrontaberrationgcoma,distortion,and
lateralcolor) areminimized?:??However,symmetri-
cal wavefront aberrations(sphericalaberration are
doubledandhaveto be compensateth anotherway.

2. Aspherical surfaces: Spherical aberration can be
minimized by using aspherical lenses. A plano-
convexlensprofile is generallydescribedby

2

1 r
h(r)=

R’ 1+[1—(K+1)r2/R2]1/2+higher terms, (1)

whereinh is the heightof thelensasa functionof the

distancer to the optical axis, R is the radiusof cur-

vatureat the vertex,andK is the asphericatonstant.
A plano-convexhyperboloid(K = —n?, whereinn is

the refractiveindeX hasno sphericalaberrationfor

the paraxialregion?®

3. Scalinglaw: A downscalingof the diameterD and
the focal length f of a lens improves its optical
performancé” For a fixed stopnumberF = f/D, the
diffraction-limited resolutionis given bzy ox~\F.
The depthof focusis givenby éz~4NF~<. Both val-
uesareindependentf the lens scale.The wave ab-
errationsdescribethe deviation of the actualwave-
front from a perfect spherical wavefront. Wave
aberrationsare usually expressedn fractionsof the
wavelength.A scalingof all length parameterof a
lensdoesnot affectthe shapeof the wavefront.How-
ever, a scaling changeghe magnitudeof wavefront
aberration.Small lenseshave less aberrationsthan
large lenses (for the same F number and wave-
length. On the other hand, small lenseshave a
shorterfocal length, and thinnerlens baseplatesare
requiredto keep the focal plane outside the base
plate. Manufacturing packagingalignment,and sta-
bility aspectdimit downscalingof the microlenses.

4. Telecentry:For telecentricsystemsa small defocus-
ing by changingthe distanceof the objector the ob-
servingplanedoesnot affecttheimagesize.Systems
can be frontal telecentric,rear telecentric,or both.
Frontal telecentricsystemshave a stop in the back
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Fig. 3 The distribution of the light at the entrance pupil of the imag-
ing system is governed by the illumination of the object plane and
the diffraction at the object.

focal planeof the lens; reartelecentricsystemshave
a stopin the front focal plane.The describedsystem
(Fig. 2) is frontal telecentric. An aperture Al is

placedin the backfocal planeof L1 andimagedby

FL1, FL2,andL?2 into planeA2. PlaneA2 is situated
in the middle betweenL2 andthe imageplane.The

systemis not rear telecentric. An additional lens
placednearthe imageplanecould providereartele-

centry, but that would not make much sensefor the

lithographic application. The partial telecentricbe-

havior of the systemensureghat a slight defocusing
influencesonly the spotsizeanddoesnot changethe

lateral position of the spotcenter.

5. Multiple apertures:Telescopearraysarewell known
in astronomyto enhancehe collecting capacityand
the resolvingpower?®2® Insteadof usinga largemir-
ror, multiple-mirror telescopesre formed by an ar-
ray of smallermirrors. Eachmirror producests own
diffraction image. When theseimagessuperimpose,
their amplitudesadd to form the final image.When
the differentimagesof one objectpoint superimpose
in phase(coherenttelescopg the resolvingpoweris
increasedIn astronomyan objectnormally consists
of severaladjacentstars(small luminous pointy at
infinity. Multiple telescopesystemscan be adjusted
to afraction of thewavelengthto ensureconstructive
interferencein the imageplane.This cannotbe done
for a multiple-lenssystemas shownin Fig. 2. The
optical path length variesfor different object points
and channels.The imageinformation might be par-
tially lost if the images interfered destructively.
Therefore,incoherenimageformationis mandatory,
and the resolving power is hot enhancedThe pro-
posedsystemtakesadvantagef the fact thatthe im-
age quality is invariable for the whole image field.
The image size is only limited by the size of the
microlensarraysystemNo matterhow largethe sys-
temis, it will provideuniformimagequality (no field
curvature,distortion, or contrastdegradationat the
edgeof theimage.

3 Imaging Properties

The describedmicrolenssystemprojectsa planarobjecton
animageplanelocatedsomel to 2 mm behindthe system
(seeFig. 2). The objectis illuminated from the back side
(seeFig. 3). The angular spectrumbehind the object is

determinedby the apertureof the illumination and by the
diffraction at the object.

An object is resolvedif the optical systemis able to
transmit at leasttwo diffraction orders generatedby the
object(Abbetheory. The fidelity of the imageincreasesf
more spatialfrequenciesare allowedto passthe lens sys-
tem. However, for photolithographytwo ordersare suffi-
cientto defineuseful patterns pecausef the high contrast
of the photoresist’

The maximumangletransmittedin the microlensarray
systemis limited by vignetting effectswithin the imaging
channelsTo obstructstraylight and crosstalkbetweenad-
jacentchannels,all image-formingrays that passthe en-
trancepupil (lensL1) of animagingchannelmustpassthe
exit pupil (lensL2) of the samechannel(seeFig. 2). For
this purpose,a stop array Al, locatedin the back focal
planeof thelensarrayL1, is usedasfield stop.Theangular
field diameteris limited to an angleof u~=*4 degfor the
proposedsetup.Thus,the numericalapertureis NA=sinu
~0.07, and the diffraction-limited resolutionis éx~3um
for incoherenimagingusingUV light at A=406-nmwave-
length. We used microlens arrays consisting of circular
lensesin a hexagonalclose-packedarrangementThe fill
factor 7 is given by

B Q%
7 283

which yields 7 ~88% for a lens diameterof ®=198 um
and a lens pitch of a=200 um. The spacebetweenthe
lensesis blocked(e.qg.,by athin chromiumlayer. For this
geometryall objectpointsarelessthan100 wm awayfrom
the nearestiocal optical axis. The numberof contributing
channelsfor the transmissionof a single object point is
determinedby the apertureof the system,the distancep,
betweenthe object plane and the entrancepupils, and the
diameter® of the entrancepupils. A distanceof p;~3f;
leadsto a demagnificatiorof the intermediateimageby a
factorm; = p;/p, ~ 0.5(seeFig. 1). Thenumberof contrib-
uting channelsncreasesith demagnificatiorof the inter-
mediateimage.On the one hand, a large numberof con-
tributing channelsmprovesthe uniformity of theimage;on
the otherhand,it reduceghe achievablaesolutionbecause
theaberrationsreincreasingA goodcompromisés to use
six or sevenadjacentchannelsasindicatedin Fig. 3. This
leadsto a uniformity of the imageintensityon the orderof
+3% for idealillumination.

2

4 |llumination

The significantinfluenceof the illumination propertieson
theimageformationhasalreadybeendiscussedn the pre-
vious sections.In practice,we take advantageof the very
high standardof illumination systemsusedin photolitho-
graphic machines.The illumination systemof a standard
proximity printer (e.g.,SUSSMA150 from Karl SuesKG,
Munich, FRG provides partially incoherent collimated
light from amercurylamp(g, h, or i line). Thecollimation
angleis usuallyadjustabledrom 1 to 4 deg.Suchillumina-
tion systemsare well suited for the proposedmicrolens
array imaging system. The collimation angle can be
adaptedo the numericalapertureof theimagingsystemA
further improvementof the systempropertiesis expected
by adding diffusers, microlens arrays, gratings, or
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Fig. 4 Wavefront deviation for the imaging system shown in Fig. 2. Multiple apertures were used for
imaging an object point that is located (a) on the optical axis of one lens and (b) at the center of three

adjacent lenses, as indicated in Fig. 3 (right).

computer-generateuablogramgo manipulateheilluminat-

ing light. Nonuniformity of the image intensity could be

compensated.Nonconventional lithographic techniques
such as off-axis lithography could be implementedusing

arrayimaging systems.

5 Image Contrast and Resolution

Photolithographiémagingsystemsarecharacterizedy the
diffraction-limited resolutionsx andthe depthof focus 6z,
which arein generalgiven by

A
ox=K1 gz €

A
02=Ky a2 (4)

where\ is the wavelengthand NA is the numericalaper-
ture.HereK; andK, arescalingfactorsthataredetermined
by the lithography process’ The factor K, has beenre-
ducedfrom about1.0 to below 0.7, mainly by resistand
processingimprovements.Using incoherentillumination,
K, is below0.5. The factor K, is 1.0 for classicalimaging
systems.

The irradianceof an aberratedliffraction imagespotat
the centeris called the Strehlratio?? The Strehlratio is a
function only of the wavefrontvariance,or the squareof
the rms wavefrontdeviation.Figure 4 showsthe wavefront
deviation for imaging (a) on-axis and (b) off-axis object
points,asindicatedin Fig. 3. The calculationof the wave-
front deviationis basedon ray tracing. Strehlratiosof 0.99
and0.96 werefound for (a) and(b). The Strehlratioscor-

respondto rms wave aberrationssmallerthan A/20. From
the Marechal criterion it is known that aberrationswill not
degradegheimageif thermswavefronterroris smallerthan
N14.

The modulationtransferfunction (MTF) givestheimage
contrastasa function of the spatialfrequencyof the object.
The MTF is the autocorrelationof the pupil function for
incoherentimaging system£228 Figure 5 showsthe MTF
for (a) on-axisand(b) off-axis imagingasindicatedin Fig.
3. The calculation of the MTF is basedon ray-tracing
analysis An imagecontrastof 0.3 is found for a resolution
of 5 um (or 100 lines/mm). Ray-tracinganalysisof the
proposedsetupconfirmsdiffraction-limited optical perfor-
manceover the whole imagefield.

6 Chromatic Aberration

The proposedarray imaging systemwas investigatedor a
wavelengthof \,=406 nm, the h line of a mercurylamp.
In the following we wantto analyzethe chromaticproper-
ties of the system.

For multiple-pupil systemsthe formation of a final (or
compositg imageis governedby two fundamentaimecha-
nisms: the imaging, and the overlap of the imagestrans-
portedthroughdifferent micro-objectivechannelsThe im-
agingis governedoy the optical propertiesof theindividual
channelsA changeof the wavelengthwill changethe focal
lengthof thelensegdueto dispersion andwill changethe
position of the imageplane.Andersofi points out that the
position of the so-calledplane of coincidenceis only a
propertyof symmetryandindependenbf the power of the
lensesfor fully symmetricalsystems.Therefore,a change
of thewavelengthdoesnot affectthe overlapof theimages,
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Fig. 5 Modulation transfer function (MTF) calculated from the wavefront deviation shown in Fig. 4.

butit will defocusthe imagesin the planeof coincidence.
The mismatchbetweerthe two planescanbe correctedby

changingthe object position. Each wavelengthrequiresa

different object position. Multiple-wavelengthimaging is

accompaniedy a reductionof the resolutionin the com-

positeimage.

The proposed system was analyzed for multiple-
wavelengthmagingwith threemercurylines (\;=365nm,
A, =406 nm, \;=436 nm). The object position was opti-
mizedfor the h line. Imageshifts of Ap;(\;) =~ —30 um
andAp,(Ng) =~ +20 um werefound for thei andthe g
line. A significantreductionof the resolutionis observedn
the compositeémage.A resolutionon the orderof 6x=6 to
8 um anda usabledepthof focuson the orderof §x=100
to 150 um arefound for multiple-wavelengthllumination
with two or threemercurylines.

7 Microlens Arrays

The most critical point for the realizationof the proposed
imaging systemis the availability of suitablemicrolensar-
rays.Microlensarrayscanbe subdividedinto threecatego-
ries: (1) diffractive lenses(2) refractivelenses(e.g., melt-
ing resistlense$, and(3) gradientindex (GRIN) lenses.

Diffractive lensesoffer full freedomof wavefrontde-
sign,a 100%fill factor,andexcellentreproducibility of all
lensparametersUnfortunately,the focal lengthis strongly
dependenton the wavelength,and the use of diffractive
lensesis limited to monochromaticapplications. High-
quality diffractive microlens arrays are available now.
However,diffractive lensesstill generatea fair amountof
undesiredscatteringor straylight, on the orderof 5 to 8%
of the incidentlight (spuriousorders,ghostimages,edge
effects,etc). A stackof four diffractive microlensarrays
for the proposedsystemdesign(F number2 and4) would
suffer from severestray-light problems, poor total effi-
ciency(thediffraction efficiencyis 7,4= 7,7,"*+), andchro-
matic aberration.A combinationof refractive and diffrac-
tive lenses (hybrid system could be used for
monochromatidmaging.

PlanarGRIN lensesare excellentfor imaging; unfortu-
nately,they are not transparenin the UV.

A promising candidatefor the implementationof the
investigated imaging system is the melting resist

technology?®*° Photoresistylindersare formedby lithog-
raphy and meltedat a temperaturel ~150°C. Surfaceten-
sion forms plano-convexsphericalmicrolensesThe focal
lengthis given by

h +r2h,  r?
=0~ ©)
2(n—=1) hg

wherer is the lensradiusandh, is the heightof the lens.
Melting resist microlenses are well suited for high-
resolutionimaging. Figure 6 showsa test patternimaged
with a single meltedresistlens. A resolutionof 1.2 um is
observedn a microscopewith white-light illumination.

The photoresisttself is not transparentn the UV. The
microlensarrayis transferredo fusedsilica by reactive-ion
etching (RIE).*1* Profile shapingis possibleby varying
the RIE processA changeof the reactive-gasontentin-
fluencesthe etchratio betweenresistand silica during the
RIE processThis effectis usedto correctthe slopeof the
lensin the rim region and to reducesphericalaberration.
Asphericalmicrolensesiavebeenfabricatedrecentlyusing
this technology**° A different approachis preshapingof
theresistcylinderby usin%multilevel gray-levelmasktech-
nology or direct writing,>®3” and subsequentmelting to
smooththe resistsurfacebeforethe microlensesare etched
in fusedsilica.

The uniformity of a microlensarraysis determinedby
the accuracyof the resist cylinders, the melting process,
andthe RIE transferto fusedsilica. The describedechnol-
ogy requiresonly standardsemiconductortechniquesfor

Fig. 6 Test pattern imaged with a single melting resist microlens
(®=250 um, NA=0.36). A resolution of 400 lines/mm (1.2-um fea-
ture size) is observed in a microscope under white-light illumination.
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Fig. 7 Image plane of a multiple aperture imaging system observed
in a microscope under white-light illumination. A resolution of 5 um
is observed.

resistcoatingand processinglithography,and RIE. Melt-
ing resist microlens arrays with uniformity of the focal
length better than 1% have been be demonstrated
recently® Since this technology has been investigated
solely within researchdepartmentsno reliable valuesfor
uniformity and reproducibility are availablefor masspro-
ductionin an industrialenvironment.

8 Preliminary Demonstration System

A 20x20-mnt demonstratiorsystemfor preliminaryreso-
lution testshasbeenbuilt. The experimentaketupdiffered
slightly from Fig. 2. Two arraysof sphericalplano-convex
meltingresistienseg®=190 um, f ;~600 um) wereused
for imaging. One array of microlenses (©®=190 um,
f 1~400 um) servedasfield lens. Spacerelements(glass
balls, fiber pieces were usedfor the vertical alignmentof
thelensarrays.The horizontalalignmentwasdoneby hand
under a microscope.The moire effect betweenidentical
patternsallows a preciselateralalignmentof the microlens
arrays.

The image planewas observedwith a microscopeFig-
ure 7 showsthe imageplaneof a standardesolutiontarget.
A resolutionof 5 um for the whole imagefield hasbeen
observedfor white-light illumination. Figure 8 showsthe
imageof a maskpatternas usedfor flat-panel-displayab-
rication.

Fig. 9 Proximity printing. The resolution §x decreases rapidly with
increasing distance z between the mask and the substrate.

9 Applications

The proposedarrayimaging systemwasdevelopedn con-
nectionwith a new photolithographidechniquecalled mi-
crolens lithography Figure 9 shows schematically the
maskpatterntransferwithin a proximity printer. Figure 10
shows the image formation for microlens lithography.
There are two basic advantageof this new lithographic
techniguecomparedo standardproximity printing:

 Large working distance: The distancebetweensub-
strateandimagingsystemis on the orderof z=1 mm
(Fig. 10), which is much larger than for proximity
printing with z=20to 50 um (Fig. 9). Thereis norisk
of damagingmask or substrate Lithography is fea-
siblein holes,in grooves,or on other surfaceswvhere
closecontactis not possible.

* Largedepthof focus:For proximity printing, the reso-
lution decreasegapidly with increasingdistancez
(Fig. 9). For microlenslithography,the bestresolution
is observedn theimageplane.Theimageis extended
forward and backward (Fig. 10). A resolution of
ox~5 um corresponddo a usabledepthof focus of
6z>50 um for microlenslithography.

For proximity printing, the substrateandalignmentcosts
(surfaceplanarity increaserapidly with the resolution.The
larger depthof focus at a noncritical working distanceof-
fers a tremendougotentialto cut fabrication costsfor li-
thographyin the 5- to 10-um resolutiondomain.Potential
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Fig. 8 Image of a test pattern as used for flat-panel-display fabrication. No distortion or magnification

errors are observed.
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Fig. 10 Microlens lithography. The image plane is located at a dis-
tance z behind the imaging system. There is no risk of damaging the
mask or the substrate. The image is extended both forward and
backward. The depth of focus is given by §z~N/NA2.

applicationdor microlenslithographyare photolithography
on thick photoresistayers,curvedsurfacesandV grooves
or over very large print areas Moreover,the proposedni-

crolensimagingsystemmight be very usefulfor inspection
systems neural networks,optical interconnectsgetc. Such
miniaturizedl:1 imagingsystemscould be usedto connect
receiver or detector arrays (CCDs, photodiodes,fibers,

smart pixels) with light sources(laser, LED), fibers, or

pixel arrays.Diffractive optical elementsor active matrix

elementgLCDs, light valves could be integratedinto the

imagingsystemto implementfiltering, switching, splitting,

or integratingoperations.

10 Conclusion

A multiple-aperturemicrolenssystemfor the 1:1 imaging
of extendedobjectshasbeenproposedA compactsystem
designhasbeenpresentedwhich is remarkablein that it
providesa diffraction-limited resolutionof 3 um. The sys-
temdesignhasbeenanalyzedby ray tracing.A preliminary
demonstratiorsystemusing melting resistmicrolenseshas
beenbuilt. A resolutionof 5 um hasbeendemonstrated
experimentallyfor a 20X20-mm image field and white-
light illumination.

This publicationsummarizeshe first stepin developing
anovellithographictechnique Thereportedtheoreticaland
experimentalresults have attractedbroad attentionwithin
the display and semiconductoiindustry. Of course,there
are still significantmanufacturingand alignmentproblems
thathaveto be solved.But the chanceo cutfabricationand
substrateostsby usingthis newlithographictechniques a
strongstimulusfor future investigations.
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