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Abstract. We report on the investigation of refractive microlens arrays
with diffractive grating surfaces in the context of a microspectrometer
array system. The elements fabricated combine the fairly large dimen-
sions of the refractive microlens (990-mm diam, 60-mm height) with the
submicron features of the diffraction grating (1-mm grating period) on one
transmitting surface. The fabrication process of these elements was
studied, as well as their performance with respect to resolution and
stray-light suppression. The maximum resolution was 3 nm, and the
stray-light suppression 25 dB. We present a concept for a system of
miniaturized spectrometer arrays for chemical analysis.

Subject terms: microspectrometer; hybrid element; spincoating; microlens array.
1 Introduction

Today,R&D efforts in optical demultiplexingsystems,as
usedfor chemicalanalysisor in telecommunications,are
directedtowardsminiaturizationandcostreduction.Micro-
optics providesobvioussolutions,particularly for parallel
processingwith array systems.1 It usesstandardsemicon-
ductormanufacturingtechnology,offersa varietyof optical
functions,andis suitablefor systemintegration.2 To reduce
the size and cost of a system,however,it is desirableto
minimize the number of componentswithin the system.
This canbe achievedby combiningdifferent optical func-
tions in one element.In a conventionalspectrometersys-
tem,thetwo mainopticalfunctionsarethefocusingandthe
dispersion.In a hybrid element,thesetwo functionscanbe
combinedby fabricating a diffractive surfaceon either a
refractive or a reflective optical element.3–5 For plano-
convex microlenses,the diffractive elementscan be real-
izedon theplanaraswell ason thecurvedsurfaceof large
arrays.6 We have fabricated refractive microlens arrays
with the diffraction grating on the curved surfaceof the
array,which combinesfocusingand dispersionessentially
on onetransmittingsurface.The advantageof suchan ele-
ment lies in the reductionof the total numberof optical
surfaceswithin any optical system.

In the following, we presentour investigationon the
fabricationprocessof refractivemicrolensarrayswith ho-
lographicallyrecordeddiffraction gratings~in thefollowing
calledhybrid elements! andtheperformanceof theelement
in thecontextof spectrometersystems.Section2 dealswith
the fabricationprocessandproblemsassociatedwith it. In
Sec.3 we presentthe characterizationof the elementsas
microspectrometerelements;Sec. 4 showsraytracing re-
sultsof different geometries.Finally, in Sec.5 we summa-
rize the results and presenta possibleconceptof a mi-
crospectrometerarraysystemfor chemicalanalysis.

We havechosenholographicrecordingcombinedwith
the melting resisttechniquebecauseit enablesthe fabrica-
tion of large arraysof elementsthat havelow stray light.
Sucharraysaredifficult to realizewith thetime-consuming
e-beamwriting techniques.4

2 Fabrication

Figure1 showsa schematicview of the fabricationprocess
for the hybrid elements.Refractive microlens arrays are
fabricatedby themeltingresisttechnique7 in photoresiston
a glasssubstrate.We fabricatedarraysof microlenseswith
different lensdiametersandpackingdensitiesfor theinves-
tigation of fabrication characteristics.The lens diameters
are350,610,and990 mm with calculatednumericalaper-
turesof 0.34,0.2, and0.12, respectively.The height is 60
mm for all lenses.The sphericityof the lenseswas tested
with a Twyman-Greeninterferometer8 and PSI software
obtainedfrom Prof. Schwiderat MIKOS, Universityof Er-
langen, Germany.The lensesfabricated for our experi-
ments exhibited surfacedeviationsfrom an ideal sphere
between0.2l and0.4l ~rms!.

Threedifferent arrayswere fabricatedfor eachlens di-
ameter.For the first array the lensesare loosely packed
~squarepacking! with a pitch of 2 mm betweenthe lenses
for all lens diameters.The secondarray is close-packed
~also squarepacking! with pitchesof 355, 618, and 1000
mm for thedifferent lensdiameters~350,610,and990mm,
respectively!. The third array hasthe samepitch between
the adjacentlensesas the secondone, but is hexagonal
close-packed.Theselensarrayswerethenspincoatedwith
photoresist~AZ1518Hoechstresist,SuessRC8spincoater!.
A diffraction grating with a period of 1 mm was subse-
quently recordedby two-beaminterference~Kr11 laser,l
5413nm!.

2.1 Spincoating

In the fabricationprocess,the spincoatingis a critical pro-
cessingstep.The depositionof the photoresistacrossthe
lensesis not isotropic, and the nonhomogeneousdistribu-
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tion acrossthe curvedsurfacesof the lenseschangestheir
optical properties.We can make two generalstatements
aboutthe coatingof microlenses.The first statementcon-
cernsthe smoothingof the edgesof the lens-substratein-
terface.As theprofiler measurementin Fig. 2~a! shows,the
photoresistis depositedthicker in the cornersof the lens-

Fig. 1 Fabrication of refractive microlens arrays with a diffraction
grating on the curved surface: (a) microlens-array fabrication; (b)
photoresist coating of the array; (c) recording of the grating.
substrateinterfacethanon top of the lens,which resultsin
smoothslopeson theouterdiameterof themicrolens.Sec-
ondly, we learnedaboutthe influenceof the directionality
of thespincoatingprocesson the lenssurface.Themelting
resisttechnologyfor fabricatingmicrolensesexhibitsinher-
ently a rotationalsymmetryaroundthe optical axis. How-
ever, with the depositionof photoresiston top of a lens
array by spincoating,we introducea processingstep,that
breaks this symmetry. The result is a non-axially-
symmetricdeviationof thesurfacefrom anidealsphere,as
shownin Fig. 2~b! for a single lensfrom a looselypacked
array.

Furthermore,we find for close-packedlens arraysthat
the proximity of the lensesaffects the depositionof the
photoresist.The mutual influenceof single lenseswithin a
close-packedarray is demonstratedin Figs. 3~a! and 3~b!.
Dueto thecapillaryforces,theresistdepositionis higherin
theproximity of a neighboringlens.Theshapeof a lensin
a square-packedarray is thereforedeformedto a square.
For hexagonalpacking, the coating yields a lens with a
hexagonalshape.

The sphericity of the lenses is determinedwith the
Twyman-Greeninterferometerbefore and after coating.
The valuemeasuredis the rms valueof the deviationfrom
an ideal spherein l.
Fig. 2 (a) Profile of a microlens (350-mm lens diameter) before (dashed curve) and after (solid curve)
coating with photoresist, measured with a step profiler. (b) Surface deviation from ideal sphere (rms, in
units of l) of a lens after coating (loosely packed array), measured with a Twyman-Green interferom-
eter.
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Fig. 3 (a) Microscope image of a lens array with photoresist coating (hexagonal close-packed). (b)
Surface deviation from ideal sphere (rms, in units of l) of a lens in a close-packed array (square
packing) measured with a Twyman-Green interferometer.
We introducea deviationfactor,definedasthedeviation
measuredafter spincoatingdivided by the deviationbefore
coating.The deviationfactor is usedto quantify the degra-
dationof theoriginal lenssurfacecausedby thespincoating
process.For lenseswith smallerdiameters,the changeof
profile is much more significant than for the larger ones.
This is mainly dueto the relativecontributionof the outer
sectionsof the lens @Fig. 2~a!#. Besidesthe parametersof
thespincoatingprocedureitself ~thesequencesof accelera-
tion, speed,andintermediatepauses!, the two mainparam-
etersinfluencingthe deviationare the coatingthicknessof
the photoresistand the resistviscosity.To reducethe vis-
cosity, the AZ1518 resist is diluted with AZ1500 thinner.
With that and with the reductionof resist thickness,we
wereable to reducethe deviationfactor from a maximum
of 5 to below 2 ~Fig. 4!. Note, however,that a deviation
factorof unity doesnot necessarilymeanthat thesurfaceis
unaltered.The deviationfrom an ideal sphereasmeasured
with the interferometeris a meanvalue taken acrossthe
entiresurfaceof the microlens.Hencethe spincoatingmay
locally increaseandalsolocally reducethe initial deviation
from an ideal sphere,without changingthe overall rms
value. For not perfectly sphericallens surfaces~as in our
case! this may thusyield a deviationfactorof one.But, for
a given array of perfectly sphericalmicrolenses,spincoat-
ing will alwaysdegradethesphericitydueto thedirection-
ality of the process.

2.2 Holographic Recording

Thechoiceof holographiclithographyfor therealizationof
the diffraction grating was governedby two main advan-

Fig. 4 Change of lens surface quality for different lens diameters.
The parameters are resist dilution and deposition thickness.
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tagesof this technology.Besidesthe fact that a singleex-
posurecan structurelarge areas,the interferenceis also
fairly insensitiveto substrateswith depthvariation.In con-
trast to conventionalmaskphotolithography,the intensity
patternof two interferingplanewaves~which aresymmet-
ric with respectto the normalof the substrate! is homoge-
neousand invariant with depth.This propertyallows uni-
form structuringof very fine featureson curvedsurfaces.

Lens arrayswith a photoresistcoating of 1 mm were
prebakedat 85°C for 40 min. We exposeda gratingwith a
periodof 1 mm anda depthof about0.5 mm usinga Kr11

laserat 413 nm. For further reductionof the coatingthick-
nessand hencethe spincoatingeffect, the sampleswere
previously exposedhomogeneouslywith one laser beam
beforewriting thegrating.Figure5 showsanexampleof a
refractivelenswith a diffraction gratingon the surface.

3 Characterization

The fabricatedelementswerecharacterizedwith respectto
their performanceas spectrometercomponentsin two dif-
ferentspectrometersetups.Thetwo mainattributescharac-
terizedarestray-lightsuppressionandresolution.

3.1 Setup with Pinhole

Thefirst setupis shownin Fig. 6~a!. Thehybrid elementis
set-upin a 1:1 imaging systembetweena 10-mm pinhole
and a one-dimensionaldetectorarray ~Hamamatsu,1024
pixels,25-mm pitch, 16-mm width!. The detectoris placed
parallelwith respectto theplaneof thehybrid elementat a
distanceof 2 f ~about8 mm!, andthepinholeis alignedon
the optical axis of the microlens.Note that the detector
pixelsareof rectangularshape,which is ideal for a slit, but
increasesthecontributionof straylight for a roundpinhole.

The different wavelengthswere generatedwith an Ar1

andtwo HeNelasers~543.5and632.8nm!. For the deter-
mination of the resolution,the recordedintensity distribu-
tionsfor thedifferentwavelengthswerefitted to a Gaussian
function. After the Rayleighcriterion the resolutionis de-
fined as the full width at half maximum ~FWHM! of the
Gaussianfunction. Figure 6~b! shows the results of the
resolutionmeasurementsfor anelementwith a diameterof
990mm. A maximumresolutionof 3 nm is achievedat the
wavelengthof 514.5 nm. The resolution then degrades
slightly towards the shorterwavelengthrangeand rather

Fig. 5 Electron microscope image of a refractive lens (100-mm di-
ameter) with a diffractive surface (1-mm grating period).
strongly towardsthe longer wavelengths.This can be ex-
plainedby geometricalconsiderations:the different wave-
lengthsare diffracted at different angles,which in return
meansthat the foci for thedifferentwavelengthsdo not lie
on a straight line but ratheron a curve in space~seealso
raytracingresultsin Sec.4!. So theshapeof theresolution-
versus-wavelengthcurvedependson thepositionof theim-
ageplanein which the detectoris placed.In our case,the
setupwasalignedfor maximumresolutionat 514.5nm.For
thestray-lightsuppressionmeasurementswe againcoupled
singlelaserlines into thesamespectrometersetupandana-
lyzed how much intensity is detectedon the neighboring
pixels. The spectrumis plotted on a logarithmic scalein
Fig. 6~c! with the peakvalue normalizedto one.Attenua-
tions of 25 and 30 dB are measuredfor the wavelengths
496.5and543.5nm respectively.

Fig. 6 (a) Spectrometer setup with a pinhole for the characterization
of the hybrid element (990-mm lens diameter). (b) Resolution mea-
surements for the different wavelengths of an Ar1 and two HeNe
lasers (543.5 and 632.8 nm). (c) Stray-light suppression measure-
ments at 496.5 and 543.5 nm.
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Figure7 showsthe comparisonof a conventionalspec-
trometer~HR250! with a resolutionof 1nm andoneof our
microspectrometerelements~lens diameter990 mm!. For
testpurposeswe measuredthe spectrumof a low-pressure
xenonlamp. Thesetwo imagesshowthe largeramountof
stray light for the hybrid element.The resolution in the
mid-visible part is better than in the blue-violet and deep
redregions,sincethedetectoris placedin the focusfor the
mid-visible region. Note also that the peaks in the UV
rangedecrease.We attributethis fact to thehigh absorption
of photoresistin the blue-violetwavelengthregion.

3.2 Setup with Optical Fiber

Figure8~a! showsthesecondspectrometersetup.Here,the
elementis setup in a 1:1 imagingsystembetweenthe exit
of anopticalfiber ~corediameter8 mm, NA50.11! andthe
samedetectorarray ~Hamamatsu! as before. In this case,
the single lines weregeneratedby a monochromator.This
setup was again adjustedto maximum resolution in the
greenwavelengthrangeandresultsin a maximumresolu-
tion of 8 nm at the wavelengthof 550 nm. Figure 8~b!
showsa strongdegradationof the resolutiontowardsboth
endsof the wavelengthspectrum.The stray-light suppres-
sionwasmeasuredwith a filter test.In this test,we measure
the transmissionspectrumof a white light source~xenon,
high pressure,with a uniform spectrum! throughan edge
filter, which cuts off the spectrumat a particular wave-
length.Thetransmissionspectrumis normalizedto theuni-

Fig. 7 Spectrum of a low-pressure xenon lamp measured with (a) a
conventional spectrometer HR 250, 1-nm resolution, and (b) a hy-
brid element. In (b) the two peaks in the separate (gray) plot are the
calibration lines from two HeNe lasers (543.5 and 632.8 nm).
form white light spectrum,and the light still transmitted
into the ‘‘dark’’ region is analyzed.Figure8~c! showsthe
measurementfor a hybrid elementwith a lensdiameterof
990 mm. The attenuation is measuredwith the filters
GG495andOG530~cutoff wavelengths495 and530 nm!
andamountsto 13 and16 dB, respectively.

The differencein performancefor the two spectrometer
setupslies in the illumination part. In the first setup,the
laserlight passesthrougha pinholeof 10-mm diam placed
at a distanceof 2 f ~about8 mm! from the element.The
circle of illumination on the hybrid elementis given by
diffraction ~1.2 mm! andmatchesthe diameterof our ele-
mentquite well. For the setupwith the fiber, however,the
numericalaperturesof thefiber andthe lenssystemarenot
matched.The fiber placedat a distanceof 2 f from the

Fig. 8 (a) Spectrometer setup with an optical fiber for the charac-
terization of the hybrid element (990-mm lens diameter). (b) Reso-
lution measurements for the different wavelengths from the mono-
chromator. (c) Stray-light suppression measurements with two edge
filters (cutoffs at 495 and 530 nm).
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Fig. 9 Raytracing of a microspectrometer element for normal incidence: (a) Raytracing setup (scale
differs for the two axes). (b) Spot sizes (maximum diameter) in the plane of best focus for 500 nm
(parallel to the hybrid element).
elementilluminatesmore than threetimes the areaof the
microlens.Sincethe entirewafer is coveredwith the grat-
ing, we havea contributionof nonfocuseddiffracted light
from the regions betweenthe lenses.For shorter wave-
lengths,this stray light concentratesaroundthe focus.For
longerwavelengths,however,it is distributedovera larger
area and at a longer distancefrom the focal point. The
result is a strong degradationof resolution towards the
short-wavelengthend of the spectrumfor this setup,con-
trary to what wasobservedfor the setupwith the pinhole.

To improve the performance,the fiber-lenssystemhas
to be matchedwith respectto numericalapertureor dia-
phragmshaveto be introducedbetweenthe lensesto block
the stray light.
4 Raytrace Analysis

For a qualitativeanalysisof the elements,raytracesimula-
tions were performed with Raytrace 6.2 ~N. Lindlein,
Lehrstuhl für Optik, University of Erlangen,Germany!.
Thesubstrateis glass,andthe lensis photoresist.The light
sourceis a point sourcecomposedof differentwavelengths
andplacedat a distanceof 2 f from themicrolens.We used
aperturesto createan ideal situation,so thereis no contri-
butionof straylight from theregionsoutsidethe lens.Two
setupswere calculated.For the first setupthe light source
wasplacedon the optical axis,asfor our spectrometerset-
ups. The resultsare shown in Fig. 9~a!, wherewe traced
wavelengthsbetween300 and700 nm. As mentionedear-
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Fig. 10 Raytracing of a microspectrometer element for oblique incidence: (a) Raytracing setup (scale
differs for the two axes). (b) Spot sizes (maximum diameter) in the plane of best focus for 500 nm
(parallel to the hybrid element).
lier, we find that the foci lie on a curve in the xz plane.
Figure 9~b! shows the spot sizescalculatedfor different
wavelengths.Thesespotsizesarecalculatedin a planepar-
allel to the substrateto simulatethe detector.The detector
planefor this calculationwasput at thebestfocus~smallest
spotsize! for a wavelengthof 500nm.We seethat thespot
sizeincreasesonly slightly on going from the minimum at
500nm to shorterwavelengths.However,for longerwave-
lengths,the increasein spotsizeis muchfaster.At 750nm
the spot size is 14 times larger than the minimum value
at 500 nm. Recalling the resolution measurementsper-
formed in Sec. 3.1, this result correspondsquite well to
the resolutionmeasurementspresentedfor the first spec-
trometersetup@Fig. 6~b!#. It doesnot, however,matchthe
resolutionmeasurementsperformedwith the secondspec-
trometersetup,sincethe stray light from the regionsout-
side the lens is not taken into accountin the raytracing
calculations.

For the secondraytracing setup,we placed the point
sourceoff axis to generateraysof obliqueincidenceon the
lens.We seein Fig. 10~a! that the foci still lie on a curve;
however, the curvatureis much smaller. Looking at the
spot sizescalculatedin the planeof bestfocus ~minimum
spot size! for 500 nm @Fig. 10~b!#, we find two important
differences:The spotsizesfor this setuparesmallerover-
all, andtheincreaseof thespotsizetowardstheendsof the
spectrumis much slower. We thereforesuggestusing the
microspectrometerelementwith a light sourcegenerating
raysfor obliqueincidence.
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5 Summary and Conclusion

We have studiedthe performanceof refractive microlens
arrayswith diffractive surfacesas elementsfor miniatur-
ized spectrometer systems. We fabricated arrays of
elementsthat combinetwo main optical functions,namely
focusing and dispersion, on one transmitting surface
by mixing different manufacturing technologies used
in micro-optics: photolithographyand reflow technique
for the fabrication of the refractive microlens array,
and holographyfor the diffraction grating on top of the
lens array. The main problem in the fabrication process
was found to be the photoresistcoatingfor the diffraction
grating. The spincoating introduces directionality in
the overall fabrication process, which disturbs the
otherwise perfect two-dimensional symmetry of the
microlensfabrication,which in turn leadsto a degradation
of the sphericalsurfaceof the lensandhenceto a deterio-
ration of the lensproperties.The result is largerspotsizes
and thus lower resolution. To eliminate this problem, a
depositiontechniqueshouldbe appliedfor the photoresist
coating that exhibits the sametwo-dimensionalsymmetry
as the lens fabricationprocess,suchasspraying.A prom-
ising alternativeis the eliminationof the coatingstepalto-
gether,which could be doneif the microlenseswerefabri-
catedby ‘‘melting’’ the cylinders in a controlled solvent
atmosphere.9 For thesemicrolenses,thephotoresistremains
photosensitiveand the grating can be written directly into
the lenssurface.

With respect to the application of the element in
the context of a microspectrometerarray, we measured
the resolution and the stray-light suppression.Measure-
mentswith the spectrometersetup,wherethe light passes
through a pinhole, give a maximum resolution of 3 nm
and a maximum stray-light suppressionof 25 dB. The
resultsfor thespectrometersetup,thatusesa fiber to couple
the light into theelementwerenot quiteasgood~8 nm, 16
dB!. This differenceis mainly due to the contribution of
nonfocusedlight diffracted from the regions outside the
lens.The following solutionsareproposed:eitherthe lens-
fiber systemis matchedor diaphragmsareutilized with the
lenses.

The raytracing results match the experimentalresults
quite well and thus provide good qualitative information,
but no quantitativeresults at this stage.For quantitative
information more rigorous theoreticalanalysishas to be
employedanddiffraction efficiencieshaveto be takeninto
consideration.10 Furthermore,the calculationsshow that

Fig. 11 Proposed concept of a system for a microspectrometer ar-
ray.
betterresolutionover a larger bandwidthcan be expected
whenoperatingthe elementat obliqueincidence.

The advantagesof the fabricated hybrid element
for implementation in a spectrometerarray system is
obvious on looking at Fig. 11. It presentsa schematic
view of a possible concept for a microspectrometer
array system as used for chemical analysis. The heart
of the proposed system consists of two components.
The first component implements a microlens array on
one side and one half of a capillary tube on the other
side. The microlens array focuses the light into the
capillary tube, which containsthe chemicalsubstanceto
be analyzed.The secondelement consistsof the other
half of the capillary tube on one side and the microlens
arraywith the diffraction gratingon top on the otherside.
Thesetwo componentscontainthe capillary tubesand all
optical functions necessary.Accordingly, there are only
two piecesthat are critical in terms of alignmentfor the
entiresystem,with the exceptionof the light source.With
appropriatereplicationtechniques,11,12 theproposedsystem
promisesto be very attractivefor low- cost applications.
The replicationof the elementspresentedis consequently
an important issue,which will be investigatedin the near
future.
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