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Abstract.

We report on our activities in design, fabrication, characterizationand system integrationof refractive
microlensarraysfor sensorsand microsystemsExamplesfor chemicalanalysissystemgu TAS, blood gas
sensor)neuralnetworksandmultiple pupil imagingsystemsfor photolithography(microlensand smartmask
lithography)are presented.

1. Intr oduction

Microfabricationtechnologiesuchasphotolithographyandresistprocessingreflow) were
usedto manufacturearraysof refractivemicrolensesn photoresist.The microlensesvere
transferredn fusedsilica by reactiveion etching(RIE) andreplicatedin polycarbonateand
epoxy by embossingand castingtechniques.The surfaceprofile and the wave aberrations
were characterizedoy interferometrictesting. The surfaceroughnesswas measuredby
atomicforce microscopy.

First we summarizethe basicphysicalandoptical propertiesof plano-convexefractive
microlensarrays. We explainthe fabricationandtestingof microlensarrays. Examplesfor
microsystemaisinglensarraysare presented.

2. Properties of plano-convexrefractive microlensarrays

A plano-convexmicrolensis describedby the lens diameterd, the height at the vertex
hi, the radiusof curvaturer, the refractiveindex n andthe contactangle« asshownin
figure 1(a). Figure 1(b) showsa schemeof a rectangular(left) and a hexagonalpacked
lensarray (right).

2.1. Radiusof curvature andfocal length

The lensprofile 2(r) of an axial symmetricalplano-convexXensis generallydescribedby
1 r2
R1+/1- (K +Dr?/R?

where is the height of the lens as a function of the distancer to the optical axis, R is
the radius of curvatureat the vertex and K is the asphericalconstant. The lens profile

h(r) = + higher-orderterms D
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(a) (b)

rectangular packed lens array hexagonal packed lensarray

Figure 1. (a) A plano-convex microlens is described by the lens diameter £32, the radius of
curvaturer, the height at the vertely and the contact angte at the lens border.b) Microlens
array arrangementsz, and p, represent the pitch of the lenses in the x- and y-directions.

h(r) might be spherical X = 0), elliptic (—1 < K < 0 or K > 0), parabolic £ = —1),
hyperbolic K < —1) or even more sophisticated. The radius of curvature at the vertex is
given by

2
r
— 2
2 (2)
whereh| is the height at the vertex. The vertex focal lengtlof a plano-convex refractive
lens is given by

h
R=(K+1)7 +

R he +7r?/he
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wheren is the refractive index ani the wavelength. The focal lengthis a function of the

wavelengthi due to material dispersion. The contact anglat the border of a spherical
plano-convex lensK = 0) is given by

r r

ne=—-=——-. 4
sina R Fa—1) 4)
The Seidel coefficient for spherical aberration of a thin spherical |1&ns- Q) is given by
4 n’
S; = (NA 5

where NA is the numerical aperture [1]. A plano-convex hyperbol&id= —»?) has no
spherical aberration for a plane wave (perpendicular incidence, planar side versus incident
rays) [2]. TheF-number of a lens (lens diameter32r) is given by

f_o1
=5~ A" (6)
The diffraction-limited resolutiodx and the depth of focus; are given by
A
dx ~ AF ~ NA )
and
2 A
Sz R ANF?~ . (8)
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Both éx anddz areindependenbf the lensscale. A downscalingof all length parameters
doesnot affect the diffraction-limited resolutionof a lens. However,a scalingchangeghe

magnitudeof wavefront aberrationswhich are expressedn fractions of the wavelength.
Small lenseshave smaller aberrationsthan large lenses(for the same F-number and

wavelength)[3].

2.2. Packingdensity

Figure 1(b) showsschemef a rectangular(left) and a hexagonalright) packedarray of
circular microlenses.Thefill factorn for both arraysis given by

I"zﬂ

 papy
wherep, and p, arethelenspitch andr is the radius. The gapbetweerthe lensesis given
by @ — p.. Table1 showsthefill factor  for differentarrays. The maximumfill factor

is 78.5% (;r/4) for rectangulaand 90.6% (rr/2+/3) for hexagonaktlosely packedarraysof
circularlenses.

n (©)

Table 1. Fill factor n for rectangularand hexagonapackedarraysas shownin figure 1(b). @
is the lensdiameterand p, , the pitch of the lensesin the x- and y-directions.

Fill factor n (%)

Relation of lens diameter @  Rectangular  Hexagonal

and lens pitchp, Px =Dy py = 3v/3ps
D = px 78.5 90.7
@ = 0.99p, 77.0 88.9
& = 0.98p, 75.4 87.1
@ = 0.97p, 73.9 85.3
@ = 0.95p, 70.9 81.9
@ = 0.9p; 63.6 73.5

3. Fabrication of refractive microlens arrays

Many suitable manufacturing techniques for refractive microlens arrays have been developed
[4]. A very promising technique is the reflow or resist-melting technique [5-7]. It uses
solely standard semiconductor equipment and processes (resist coating, photolithography,
wet processing, etching, etc) and allows the fabrication of large microlens arrays of excellent
optical quality for wavelengths from the deep ultraviolet to the far infrared.

3.1. Reflow or resist-melting method

A thin base layer (0.5—Lm thickness) of positive photoresist is spin-coated on a glass plate.
A polymerization bake is used to harden the resist. A second layer (typically 1100
thickness) of positive photoresist is coated on top of the base layer using a SUSS RC 8 spin
coater (Suss KG Munich, Germany). A uniformity on the order% is achieved for

thick resist layers. After a prebake at 80-=°@(typically 1 h), a chromium-on-glass mask

is contact copied in a mask aligner as shown in figure 2. The exposed resist is resolved
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Figure 2. Fabrication of refractive microlenses by the reflow or resist-melting methagl. (
Photolithography;if) developing andd) melting of the resist structure.
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Figure 3. Microlens arrays fabricated by the reflow method) Elliptical, rectangular and
ring lenses andh) an SEM picture of very small microlenses 85 um, hexagonal densely
packed).

in a standard developing process. An array of photoresist cylinders is obtained. The resist
cylinders are melted at a temperature of 150-<ZD@n a hot plate or in an oven.

The melting procedure itself is quite simple to perform. A melted-resist structure will
always act like a microlens. Nevertheless, it is not trivial to fabricate microlenses with good
optical performance. The difference between a suitable lens profile and an unacceptable
profile is only a fraction of a wavelength. Thus, careful optimization of all processing steps
iS necessary.

During the melting procedure the edges of the resist structure start melting above the
softening temperature [8]. Above the glass transition temperature the amorphous resist
polymer changes abruptly from a rubbery state into a glass state system [9]. The surface
tension tries to minimize the surface area by rearranging the liquid masses inside the drop
[10]. In the ideal case the resist melts completely, the masses are freely transported and
surface tension forms a spherical microlens. In practice, a complete melting of the resist
drop is not always achievable, especially not in the case of large and flat resist cylinders.
For large resist volumes, the outer part of the liquid drop might already be crosslinked (due
to out-gassing of the solvents), before the inner part is completely melted. For different
lens diameters, height and array types (different packing densities, array size, substrate
material) all process parameters such as exposure energy, developing, prebake, cooling,
storing conditions, melting cycle, etc have to be carefully optimized. Figure 3 shows
different types of microlens arrays fabricated by reflow as described above.



3.2. Fabricationlimits for diameter,numericalaperture and packingdensity

The minimum lensdiameteris limited by standardohotolithographyto 1-2 um. The upper
limit of the lens diameteris determinedby the height ¢ of the resiststructureand the
contactangle « at the rim of the lens. The volume of the resist cylinder is given by
Ve = mher?. The volume of the melted-resistens V, is given by

VL = iwhf(3R — h) = gwhy (3r® + hf) (10)

where R is the radiusof curvatureand . is the height at the vertex. Usually, the resist
volume shrinksduring the heatingdue to solventout-gassingand crosslinking(Vy < Ve).
The heightof the resistcylinder hc andthe lens i aregiven by
h <ﬂ+hi h. = yh ~ 1.3-1.7 (11)
c< 5 g2 L =vhc y ~ 1.3-1.1
Usually, the lens is 1.3—1.7times higher than the resist cylinder before melting. For a
sphericallens profile asshownin figure 1(a), the contactangle« is given by

. r 2rh_ NA
Sl = — = ~
R h+r2 n-1

2 -1
sina = %[(%) + ﬂ . (13)

The contactanglea depend®onthesurfaceenengy, theresistvolumeandthe diameterof the
lensbaseduring the melting step. A minimum contactangleof the orderof 10° is achieved
for melting photoresision a resistbaselayer. This minimum contactangle correspondgo
aratio of h /@ ~ 1/23 for lens heightto diameter. Below this ratio the lens profile is
deformedin the middle. Reflow microlensesf 4| /@ > 1/2 havealreadybeenfabricated
[4]. Therapidly increasingsphericalaberrationgequation(5)) are a severerestrictionfor
plano-convexensesof high numericalaperture.Thetotal internalreflectionof therefracted
light at the lensboundarieds anotherseverelimitation for high numericalaperturelenses.

The packing density of lens arraysis given in table 1. A proper separationof the
resistcylinders (gap > 1 um) is requiredfor the reflow step. The aspectratio gap/ hc
for photoresiststructuresis usually limited to % to 1—10. The minimum lens gap therefore
increaseaith the lensheight.

(12)

or

3.3. Transferin fusedsilica by reactiveion etching(RIE)

Figure4 showsthe spectraltransmissiorof an 11 um thick layer of meltedphotoresist.For
applicationsn the blueand UV wavelengthregionsthe resistlensesare usuallytransferred
in fusedsilica by reactiveion etching (RIE) [11-14]. RIE transferin silicon or GaAsis
appliedfor microlensedaisedin the IR wavelengthregion[15, 16].

Figure 5 showsthe RIE transferprocessof resistmicrolensesn fusedsilica. Melted-
resistlensesare fabricatedon a fusedsilica wafer. The resistshapeis transferredn fused
silica by RIE. Atoms from the resistsurfaceand the silica are removedsimultaneouslyby
enegeticions until the lensshapeis completelyetchedinto the substrate The etchrate of
the photoresistandthe silica dependsstrongly on the RIE parameters.

The profile of the microlensmight be slightly deformedafter the RIE transfer. Usually
the lensesare steepeiat the rim andflatter at the vertex. Sphericalaberrationsare severely
enhancedlue to the profile changeand the lower refractive index of the fusedsilica. A
profile modificationis done by changingthe etch rate during the RIE step. The resistis
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Figure 4. Spectral transmission of an 1dm thick layer of melted photoresist.
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Figure 5. Scheme of the RIE transfer process of resist microlenses in fused silica. A correction

of the lens slope is obtained by changing the etch rate between the resist and fused silica during
the etching process.

etched more quickly at the beginning and more slowly at the end. The roughness of the
lens surface might be significantly increased during the RIE transfer. An adequate wafer
cooling is mandatory to avoid puncture of the resist surface during the ion bombardment.

4. Testing of microlenses

A good knowledge of the actual profile is required for the optimization of the fabrication
procedure. Various optical and mechanical methods are available to characterize physical
and optical properties such as surface profile, surface roughness, wave aberrations,
uniformity of the focal length, transmission, refractive index, etc. In the following, we
present some test methods used for the optimization of the microlens fabrication steps.

4.1. Mechanical profilometer and AFM

A mechanical stylus profilometer (Tencor alpha step) was used to determine lens height and
surface profile. Figure &) shows the profile of a microlens (& 190 um, 7 = 20 um)

etched in fused silica versus a spherical profile. The microlens profile is too flat at the
centre and too steep at the rim. The asymmetry in the profile is caused by imperfections of
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Figure 6. A microlens etched in fused silicaa) surface profile obtained from a mechanical
profilometer, b) and €) surface roughness of a small part of a microlens measured using an
AFM [17].

the stylus measurement. A stylus profilometer measures a height difference very precisely,
but is only of very limited use in characterizing a continuous lens profile.

Figure 6p) and €) show the surface in the centre of a fused silica microlens
(@ = 145 um, h. = 11 um) as measured by an atomic force microscope (AFM) [17].
Due to the limited scanning area a measurement of the lens shape is not practical for large
lenses. However, an AFM is very useful for the measurement of the surface roughness.
The total integrated scattering (TIS) of an optical surface can be estimated from the RMS
surface roughness given by

2
TIS ~ <4”A5) . (14)

A roughness of 5 nm corresponds to a TIS of 1-2% for visible light. A surface roughness
of § < 3 nm (RMS) corresponding to TI& 1% was found for microlenses etched in fused
silica.
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Figure 7. Interferograms and the deviation from a perfect sphere for resist microlenses of
145um and 1 mm lens diameter measured in a Twyman—Green interferometer.

4.2. Interferometric microlens testing

4.2.1. Twyman-Green interferometerA Twyman—Green interferometer (Mikos Erlangen,
Germany) providing a variable magnification (lens diameters fromuB0to 2 mm) and



phase-shiftsoftwarewas usedto testthe surfacesof microlenseq18, 19]. The Twyman—
Greeninterferometemeasureshe deviationof the surfaceprofile from anideal sphere.In
addition, the interferometerallows measuremendf the radiusof curvatureR at the vertex
with an accuracyof betterthan 1%. Figure 7(a) showsinterferogramgzerofringes, tilted
fringes)andthe deviationfrom a perfectspherefor a resistmicrolensof 145 um diameter,
13 um heightand a vertexradiusof curvatureof 191 um measuredn a Twyman—Green
interferometer. A deviationfrom a perfectsphereof < 1/20 (RMS) and A/4 (p/v) was
observed. Figure 7(b) showsan interferogram(zero fringes) and the deviation from a
perfectspherefor a resistmicrolensof 1 mm diameter,70 um heightand a vertexradius
of curvatureof 1.46 um. A deviationfrom a perfectsphereof /8 (RMS) and0.84x (p/v)
wasobserved.

Figure 8(a) showsthe interferogramof a lens (& = 145 um) beforeand (b) after RIE
transferinto fusedsilica inspectedn a Twyman—Greennterferometer. A deviationfrom a
perfectsphereof A/10 (RMS) hasbeenachievedfor the microlensin fusedsilica.

(a) Resist microlens (b) After etching in fused silica (c) Unlformlty test

Figure 8. Interferogram of a microlens (& 145 um) (a) before and If) after RIE transfer,
tested in a Twyman-Green interferometer awjl ifiterferogram of a uniformity test in a
Michelson interferometer.

4.2.2. Michelson interferometer.The uniformity of a lens array depends mainly on the
accuracy of the resist cylinders and the melting procedure. A Michelson interferometer was
used to test the uniformity of a lens array €190 um, f = 500 wm). One mirror of the
interferometer was set in the focal plane of the lenses. Figues8ows an interferogram.

The measured uniformity of the focal length was better than 1%.

4.2.3. Mach—Zehnder interferometerA Mach—Zehnder interferometer was used to
measure the wave aberrations of plano-convex refractive microlenses [20].

Figure 9@) shows an interferogram of a resist lensf&50 um, NA ~ 0.15) tested in
a Mach—Zehnder interferometer. Figurdpghows the modulation transfer function (MTF)
calculated from the wave aberrations. Diffraction-limited performance is observed for the
lens shown in figure 2.

4.2.4. Correlation of Twyman—Green and Mach—Zehnder measuremehtIwyman—

Green interferometer allows a full description of a curved surface. A Mach-Zehnder
interferometer measures the wave aberrations directly. Both results can be crosschecked
by using ray-tracing analysis [21]. A plano-convex microlens in fused silica=@

145 um, by = 113 um) was measured using a Twyman—-Green and a Mach—-Zehnder
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Figure 9. The wave aberrations of a resist microlens¥250 um, NA =~ 0.15) were tested in
a Mach-Zehnder interferometera)(Interferogram andh) the MTF calculated from the wave
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Figure 10. Greyscale plot of the wave aberrations for a refractive microlens @5 um, h =

113 um) in fused silica. &) Direct measured aberrations in a Mach-Zehnder interferometer.
(b) Aberrations calculated by ray-tracing analysis from the surface measurement in a Twyman—
Green interferometer.

interferometer. The wave aberrations of the measured surface were calculated by ray-
tracing analysis. Figure 10 shows greyscale plotsadftfie directly measured aberrations

in a Mach—Zehnder interferometer arig) (he aberrations calculated by ray-tracing analysis
from the surface measurement in a Twyman—Green interferometer. The results from the
different measurements show a good correlation. A precondition for this crosscheck of
reflection and transmission interferometry is a constant refractive index within the lens
volume. In the case of microlenses etched in fused silica, the fluctuations of the index are
certainly negligible. This might not be the case for microlenses in photoresist.

4.3. Inspection of the focal plane

A very simple test method is the visual inspection of the focal plane in a microscope. A
pinhole, micro-objective or fibre is placed in the illumination part of a microscope. The
point source is imaged by the microlenses placed on the microscope stage. Spot (or line)
images observed in the microscope are shown in figure 11. Similar set-ups are used for
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Figure 11. Visual inspection of the focal plane in a microscope with white light illumination.
(a) Focal plane of cylindrical microlenses (0.6 mm lens widtln), & microlens array (5em
lens diameter) as shown in figureb3@nd €) square lenses (4Q0m lens width).
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Figure 12. Distribution of the light intensity behind a microlens ofufn diameter and .3 um
height, calculated by rigorous diffraction theory. A depth of focusoft- 5 um is found for a
spot diameter ofx < 1 um.

Figure 13. Test pattern imaged using a single resist microlens=(@60 um, NA = 0.36). A
resolution of 400 lines/mm (2 um feature size) is observed in a microscope under white light
illumination.

direct measurements of the point spread function (PSF) and the modulation transfer function
(MTF) [22, 23].

4.4. Very small microlenses

Very small microlenses with diameters of a few microns are fabricated occasionally [24].
Lenses which are in the range of the wavelengths of light cannot be evaluated by ray-tracing
or conventional diffraction theory. A more rigorous analysis is necessary. Figure 12 shows
the distribution of the light intensity behind a plano-convex cylindrical microlensapf (
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10 um width and 5 um heightand (b) 5 xm width and 2.5 um height, both calculatedby
rigorousdiffraction theory (for TE polarization)[25].

In figure 12(b) thedistributionof thelight is significantlydifferentfrom thatobtainedby
ray-tracing. Thelight is ‘funnelled’ in a small pipe of §x < 1 um diameteranddz > 5 um
length.

4.5. Resolutiontest

Theimageresolutionof a microlenswastestedin a microscopeausinga testtarget. Melted-
resistmicrolensesare well suitedfor high-resolutionimaging. Figure 13 showsthe image
of atestpatternimagedusinga melted-resistens(@ = 250 um, NA = 0.36). A resolution
of 1.2 um (~ 400 lines/mm)is observedn a microscopewith white light illumination.

5. Replication

Resistmicrolensarraysmay serveas masterelementdor replication. Figure 14 showsthe
wave aberrationf a resistmaster(@ = 140 um, h = 13.2 um) replicatedby castingin
a PMMA-type organicglass[26]. The wave aberrationsf the microlensesvere measured
in a Mach—Zehndeinterferomete20]. Wave aberrationf 0.14%. (RMS) werefound for
both masterand replica. No significantdifferencebetweenthe masterand the replicated
lensarrayscould be observed.

(a) Resist master

Figure 14. Replication of a resist lens in organic glass. The wave aberratiors)dhé lens
master (RMS @4, p/v 0.691) and p) the replica (RMS 4, p/v 0.771) were measured in
a Mach-Zehnder interferometer.
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6. Packagingand alignment

Microsystemtechnology combinesa variety of opto-electronic,mechanicaland micro-
optical elementsor modules. A typical optical microsystemconsistsof light sources,
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Figure 15. Self-alignment of a microlens versua)(a ring lens, §) a V-groove or €) a hole
or slit.

(@ collimating (b) focusing (c) diffuser, illumination |(d) imaging
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Figure 16. Basic optical functionality carried out by microlens arrays.
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Figure 17. (a) and p) Scheme of s« TAS using microlens arrays for illumination and detection
in parallel microcapillaries of a chemical chip ant) Epherical microlens (&= 600 um) on
top of a capillary (10Qw:m width).
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detectors, active and passiveoptical components. For multiple-channelprocessingor
detectiontheseelementsare often arrangedside-by-sideon planar substrates. Different
layersor moduleshaveto be alignedwith eachotherin six degreesof freedom. Standard
semiconductomethodssuchas anodicand flip-chip bondingin a bond alignerare widely
usedbut rathertime consuming[27]. A very simple self-alignmentmethodfor two planar
layersis shownin figure 15.
A spherical plano-convexmicrolens aligns itself in (a) a ring lens (as shown in

figure 3(a)), a V-groove, (c) a hole or groove or any other correspondingstructure. The
alignmentlensesare fabricatedusing the standardeflow process.

7. Applications
Microlens arrays are used for collimating or focusing (laser arrays, detector arrays,

fibre optics, sensors,optical interconnectspptical computing, etc), for illumination (flat
panel displays, TV projection systems,retro-reflectors,diffusers, etc) and for imaging

(@) Raytracing
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Figure 18. (a) Ray-tracing analysis for a spherical microlens= mm) illuminated under an
angle ofa = 45°. (b) Meridional focal plane of the spherical lens) (The focal plane of an
elliptical lens (15 mmx 1 mm) fora = 48°.



15

(photocopiers,3D-photography,signal and image processing,fibre couplers, microlens
lithography, shop testing, astronomy,etc). Typical tasksfor microlensarraysare shown
in figure 16. In the following, we will presentexamplesfor the systemintegration of
refractivemicrolenses.

7.1. Chemicalmicrochipsand uTAS

Chemical microchips and miniaturized total analytical systems(uTAS) cover a wide

range of disciplines,such as analytical and organic chemistry, biochemistry,electronics,
microengineeringsolid statephysics,laserphysicsand micro-optics. Usually, a complex
arrangemenif lasers, detectors,filters, optics and high-precisionmechanicalstagesis

requiredfor illumination and optical detection. Microlens arraysoffer a large potential
to reducethe size andto simplify the architectureof analyticalsystems.Figures17(@) and
(b) showscheme®f a uTAS usingmicrolensarraysfor parallelillumination anddetection

of microcapillariesand(c) sphericalmicrolens(@d = 600 xm) on top of a capillary (100 um
width) [28].
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Figure 19. Optical blood gas sensor using elliptical microlenses (L2, L3) for detectiah. (
Scheme of the optical set-upb)(Ray-tracing analysis for the illumination and detection system.
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Figure 20. (a) An array of micro-objectives images a mask onto a resist layer. The diameter
of the micro-objective channel is typically 0.1-0.5 mnb) Scheme of two adjacent micro-
objective channels. Lens arrays L1 and L2 are used for imaging. Lens arrays FL1 and FL2
serve as a field lens.

Figure 21. (a) Image plane observed in a microscope with white light illuminatido). Test
pattern (57, 10 um feature sizes) printed with microlens lithography in photoresist (in SUSS
MA 150 mask aligner (g, h and i line)).

7.2. Off-axis microlenses for optical blood gas sensor

Elliptical microlenses [29] were used to compensate the astigmatism for off-axis imaging,
e.g. for chemical sensor heads. Figurea)&hows a ray-tracing analysis for a light beam
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of « = 45° incidencefocusedby a sphericalmicrolens(@ = 1 mm) and (b) showsthe

meridianalfocal plane. The astigmatismis correctedfor a given angle o by using an

elliptical lensbase.The geometryof the lensbaseis given by coq«) ~ y/x. Figure 18(c)

showsthe focal planeof anelliptical lens(1.5 mm x 1 mm) for light incidentat an angleof

a = 48. Elliptical microlensehavebeenusedin an optical blood gassensorasshownin

figure 19 [30]. Thelight from aLED is collimatedby lensL1 andilluminatesa membrane.
The fluorescentlight is imaged onto the photodiodesPD by elliptical microlenses(L2,

L3).

7.3. Microlensarray imagingsystenfor photolithography

A microlensarray imaging systemwas developedin connectionwith a new contactless
photolithographictechniquecalled microlenslithography[31-33]. This new lithographic
imaging technigueprovides an increaseddepth of focus (>50 um) at a larger working
distance(>1 mm) thanis customarywith proximity printing. Potentialapplicationsare
photolithographyor large print areaqflat paneldisplays,colourfilters), for thick photoresist
layers(micro-mechanics)printing on curvedsurfacegor substratesvith a poorplanarity)or
in V-grooves.Figures20(@) and(b) showthe optical set-up.An array of micro-objectives
is usedto projecta photomaskonto a resistlayer (8 = +1 imaging).

A micro-objectivearray is formed by a stack of microlensand aperturearrays. Each
objectivetransportsa partof the maskpattern. Theindividual imagesoverlapcoincidentally
to generatea single, completeimage of the mask[34]. Micro-objectiveimaging systems
were assembledand integratedinto a mask aligner to perform test prints in photoresist.
Figure 21(a) showsthe image plane observedin a microscopeand (b) a resist pattern
printed by microlenslithography. A theoreticalresolutionof 3 um was calculatedby
ray-tracingfor the whole imagefield [33].

7.4. Smartmasklithography

Smartmasklithography[35] is aimedat the printing of simple patternssuchasa matrix of
micro-dots,postsor holes,or other patternsconsistingof lines, dots, circlesor squares.A
smartmaskconsistsof one(or more)layer(s)of micro-opticalelementssuchasrefractiveor
diffractive microlensegsphericalcylindrical or elliptical shape) gratings,CGH, apertures,
etc.

A conventionaphotomaskblocksa major partof the illuminating light by a chromium-
on-glasslayer as shownin figure 22. The patternis printed by shadowing(contactand

(@) (b)
lHHHHmikght DIV LE A} ovign
: N —— i resist layer IIWVV e mesk

"= resist layer

Figure 22. (a) Conventional mask for contact or proximity printing of a dot matrix. The
majority of the light is blocked by a chromium layer. The mask is located close to the resist
layer. () Smart mask for printing a dot matrix. The mask consists of an array of spherical
microlenses (typically 5-50m lens diameter).
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(@ (b) (©)

1.6rrirn

Figure 23. (a) Laser array collimated by using a microlens arrdy), [fartial demagnification
of a 16x 16 pixel array (3Qum pixel size, 0 mmx 0.8 mm array size) anccf integration of
all pixels in one spot of 20@m diameter.

proximity printing), or imaging (wafer stepper and projection systems). A smart mask
generates the desired pattern in a photosensitive resist layer. The resist layer is in contact
(0-5 um), at a short distance (5—-100m), or far behind the mask>100 um). The
mask pattern and the printed pattern are not identical. Figurg) Zhows a conventional
photomask andh) a smart mask. Here, the smart mask consists of an array of plano-convex
spherical microlenses to print a dot matrix.

Each lens concentrates the incoming light to a focus. The resist layer is located in the
focal plane. The light is ‘funnelled’ in a small pipe &f < 1 um diameter andz > 5 um
length as shown in figure 12. Flexible or conformable smart masks can be used (in soft
or vacuum contact) to compensate the waviness or other minor surface defects of the resist
layer.

7.5. Microlens arrays for optical signal processing

Microlens arrays are widely used in optical computing and neural networks. Typical tasks are
in the collimating of light sources, e.g. a surface emitting laser array as shown in figaje 23(
[36]. Microlens arrays could be used as fan-in elements as shown in figurep @3&{

(c). A pixel matrix from a laser array or LCTV is demagnified using a large microlens
(@ = 1.4 mm). The demagnified images of the single pixels overlap in one spot with a
diameter of @t~ 200 um [37].
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