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Abstract. Micro-optical systems based on refractive microlenses are in-
vestigated. These systems are integrated on a chemical chip. They focus
an excitation beam into the detection volume (microliter or even submi-
croliter scale) and collect the emitted light from fluorescent molecules.
The fluorescence must be carefully separated by spatial and spectral
filtering from the excitation. This paper presents the ray tracing simula-
tion, fabrication, and measurement of three illumination systems. The
measurements show that an adroit placement and combination of micro-
fabricated lenses and stops can increase the separation between the
excitation light and the fluorescence light. Moreover we present the suc-
cessful detection of a 20 nM Cy5™ (Amersham Life Science Ltd.) solu-
tion in a 100-mm-wide and 50-mm-deep microchannel (excitation volume
'250 pL) using one of these illumination systems. The microchemical
chip with the micro-optical system has a thickness of less than 2 mm.
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1 Introduction

Microfabricationtechnologyhasbecomea widely usedap-
proach in the developmentof miniaturized systemsfor
chemicalanalysisin microfluidic channels.1–6 In suchsys-
temsoneof themostcommonlyusedmodesof detectionis
fluorescence,due to its selectivity and high sensitivity.7,8

The successfulimplementationof the detectionsystemre-
lies on threefactors.First, an excitationbeammustbe fo-
cusedinto the tiny detectionvolume~lessthan1023 mm3,
or 1 nL!. Thefluorescencelight mustthenbecollectedand
separatedfrom the unabsorbedexcitationlight at the inci-
dent wavelength.Finally, the fluorescencelight must be
transportedto a detector.This is challengingfor the detec-
tion system,becausethe optical componentsmust be pre-
cisely alignedwith respectto a microchannelor microwell
which hasa width on theorderof tensof micrometers.The
problembecomesevenmore complicatedwhen detection
in an array of closely spacedmicrofluidic channelsis de-
sired. Presently,the most commonly used strategyis to
scanthe analyticalchip with respectto a stationaryoptical
detectionsystem~such as a confocal microscope! or by
sweepingthe channelswith a light beam.9 Thesesolutions
require preciseand thus often expensiveand bulky me-
chanical systems,such as translationstagesor movable
mirror systems,which are almost impossibleto integrate
and thereforenot suitablefor the realizationof a micro-
total-analysissystem~mTAS!.

The aim of this paperis to studymicro-opticalsystems
for fluorescencedetectionthat caneventuallybe integrated
directly onto chips. For that purpose,we simulatedand
built threeillumination systemscomposedof refractivemi-
crolenses.We showhow adroitplacementandutilization of
microlensesmake it possibleto focus an excitationbeam
into a tiny volume while allowing for fluorescencelight
collection and its separationfrom the transmitted~unab-
sorbed! excitationlight. Moreover,the micro-opticalfabri-
cationmethodis compatiblewith themicrofabricationtech-
niques~photolithography,chemicalwet etching! commonly
used to realize microfluidic networks on chip ~chemical
chip!.10–13 Integrated detection systems for mTAS can
thereforebe realizedby thesemeans.

2 Detection Principle

Although some moleculesare naturally fluorescent~e.g.,
riboflavin, vitamin B2!, the fluorescenceemissionis often
ratherweak,andmostmoleculesin fact do not fluorescence
at all. For this reason,fluorescentlabels~or fluorochromes!
are often chemically attachedto the substanceto be de-
tected.When the analytecontainingthe fluorescentmol-
eculesis illuminatedat anappropriatewavelength,fluores-
cence light is generated at a lower energy ~longer
wavelength!. Absorptionand emissionspectraare specific
to eachfluorescentmolecule.The differencebetweenthe
excitationpeakandthe fluorescencepeakrangesfrom 7 to
238 nm.14 The extinction coefficiente, the quantumyield
f, and the fluorescencelifetime t are the threemain fluo-
rochromeparameters.The extinctioncoefficientrepresents
the probability of absorptionof excitationphotonsby the
fluorescentmolecules.Useful fluorochromeshavean exci-
tation coefficient ranging from 40,000 to 250,000
M21 cm21. Thequantumyield is definedasthenumberof
quantaemitteddivided by the numberof quantaabsorbed.
For practical purposes,the quantum yields should be
greaterthan 0.1. The fluorescencelifetime is the average
time that a moleculeremainsin the excitedstate.It ranges
from 100 ns down to 1 ns.15
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Theabsorbanceof asolutioncontainingfluorescentmol-
eculesis definedby the Lambert-Beerlaw,16,17

A5 log
I 0

I T
5e lc, ~1!

whereI 0 is the incidentexcitationintensity,I T is the trans-
mitted excitation intensity, c is the concentrationof the
fluorescentmoleculesper unit volume ~usually given in
molesper liter!, and l is the path length of the excitation
light throughthe sample.The Lambert-Beerlaw describes
correctlytheabsorbancefor fluorochromeconcentrationsof
0.01M or lower. Above this concentration,interactionbe-
tweenabsorbingmoleculesreducesthe absorbance.17

The amountof excitationlight absorbedby fluorescent
moleculescanbecalculatedwith Eq. ~1!. Sincethefluores-
cencelight intensity I F is proportional to the amountof
absorbedexcitation light (I 02I T) and to the quantum
yield,18 it canbe expressedby

I F5fI 0~12102A!. ~2!

By combiningEqs.~1! and~2!, theratio of thefluorescence
to the transmittedlight intensitybecomes

I F

I T
5f~10A21!. ~3!

In the caseof a 10-nM solution of Cy5™ ~cyaninedye
molecules,f.0.28,e5250,000M21 cm21! in a detection
cell 25 mm deep,the ratio I F /I T is about 431026. The
fluorescenceintensity is thus about250,000times weaker
thanthe excitationintensity.

Therefore,fluorescencedetectioncannotbe performed
without separatingthefluorescencelight from thetransmit-
ted excitationlight. Interferencefilters arecommonlyused
for thatpurpose~seeFig. 1!. In the idealcasewhereall the
fluorescencelight wascollected~a situationwhich is hardly
conceivablebecauseof theuniform angularemissionof the
fluorescencelight!, the lost fluorescencelight I L would be

Fig. 1 Separation scheme. Part of the excitation light I0 is absorbed
by the fluorochrome in solution and used to generate fluorescence
light IF . Here IC represents the part of the fluorescence light that is
collected, and IL the part that is lost. After the interference filter, the
fluorescence light intensity IS must be greater than the remaining
excitation light IN .
0. Thus,the ratio betweenthe fluorescencelight I S andthe
transmittedexcitationlight I N remainingafter the interfer-
encefilter would be given by

I S

I N
5f~10A21!10OD~e!2OD~ f !, ~4!

whereOD~f! is the optical densityof the filters at the fluo-
rescencewavelength~meanvalue! andOD~e! is theoptical
density at the excitation wavelength.A commercialfilter
specifically designedfor Cy5™ detectionhas a value of
2731023 ~maximal transmissionof 94%! for OD~f! anda
valueof about5 ~transmissionlessthan1026%! for OD~e!.
Although this is an ideal case,the fluorescencelight inten-
sity is still about 2.6 times weaker than the transmitted
excitationintensity.

In most cases,the fluorescencelight is collected by
meansof an objective with a limited numericalaperture
(I LÞ0). The ratio betweenthe total amount of fluores-
cencelight emittedfrom thedetectionvolume(I F) andthe
collectedfluorescencelight I C is thengiven by

I C

I F
5

I 2cosu

2
, ~5!

whereu is theacceptanceangleof thedetectionsystem.On
replacingu with the numericalapertureNA, Eq. ~5! be-
comes

I C

I F
5

12~12NA2/n2!1/2

2
, ~6!

wheren is the refractive index of the mediumbefore the
collection lens,or objective.On inserting~6! into ~4!, the
ratio betweenI S and I N now becomes

I S

I N
5f~10A21!10OD~e!2OD~ f !

12~12NA2/n2!1/2

2
. ~7!

Even for an objective with the unusuallyhigh numerical
apertureof 0.9 ~typical NAs for confocalsystemsare0.3 to
0.8!, the ratio of I S to I N is reducedto about 0.1. This
meansthat thefluorescenceintensitycollectedwith theob-
jective is about10 timessmallerthanthe transmittedexci-
tation intensity.This is reducedevenfurther, to a valueof
431023, for a NA of 0.3, which is a typical value for a
refractivemicrolens.

Of course,a part of the transmittedexcitation that is
scatteredat system interfaces ~e.g. at the microchannel
walls! is not collectedby the objective either. This will
slightly increasethe ratio of I S to I N . However,spectral
separationaloneremainsinsufficient,so that theseparation
betweenthe fluorescenceand the unabsorbedexcitation
light must be improved.Angular separationor the fluoro-
chromeemissionlifetime may be exploited for this pur-
pose. The short fluorescencelifetime of most fluoro-
chromesmakesit difficult to applytime-resolveddetection,
and requiressophisticatedacquisition systemswith very
fast photodetectors.19,20 For this reasonwe chosethe com-
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binationof spectralandangularseparationasour approach
for fluorescencedetectionin microfluidic systems.

3 Separation of Fluorescence Light and
Transmitted Excitation Light

Theseparationof fluorescencelight andtransmittedexcita-
tion light is a relatively easy task with standardoptical
componentssuchas microscopeobjectives,beamsplitters,
or dichroic mirrors and interferencefilters. They can be
easilycombinedto realizeillumination andcollectionsys-
temsthat areperpendicularto oneanother,or on the same
sideof thechip asin confocalmicroscopy.21 In thesecases,
I T entirelycomposedof back-andside-scatteredexcitation
light, which can be easily eliminatedby the interference
filter. Unfortunately, beamsplittersand dichroic mirrors
cannotbe integratedinto microfluidic devices.Thus, the
excitation and collection systemsmust be placedon the
samesideof themicrochemicalchip. Furthermore,thesur-
face occupiedby the excitationsystemis lost for the col-
lectionsystem,which reduceseithertheamountof fluores-
cencelight collected,and hencethe systemsensitivity,or
the numberof channelsper chip.

Theothersolutionconsistsin realizinga stackedsystem
with theexcitationsystemon onesideof thechemicalchip
andthedetectionsystemon theotherside.In this case,the
false light is mainly transmittedexcitationlight. Its inten-
sity is more important, thus requiring a betterseparation.
Thuswe combinestacksof microlensesandstopsto realize
excitationconfigurationsthat createan angularseparation
betweenthe unabsorbedexcitation light and the fluores-
cencelight. As shownin the ray-tracesimulationsin Figs.
2–4, theseexcitationsystemsmakeit possiblenot only to
focus the excitationbeaminto the detectioncells, but also
to reducethe remainingexcitationintensityat the detector
positionby blocking or directingsidewaysthe transmitted
excitationbeam.Optimizationof thesesystemswould re-
quire a maximumexcitationintensity in the microchannel,
a maximumseparationbetweenfluorescenceandexcitation

Fig. 2 2-D ray-trace simulation of beam-splitting illumination with
two layers of microlenses. The first two microlenses are 280 mm
wide (focal length 649 mm), and the third microlens, on the second
layer, is 600 mm wide (focal length 800 mm).
light, anda numericalapertureof the collectionmicrolens
as large as possible.The microlens focal length can be
fixed with a precisionof 62% during the microfabrication
process.22 Ideally, the microlensdiameterandfocal length
would beadjustedto thethicknessof theglasssubstratesin
which themicrochannelsareformed,to ensurea maximum
excitation intensity in the channel.Moreover, the size of
theseoptical elements~of the order of a few hundredmi-
crometers! allows the fabricationof a largenumberof de-
tection systems,which is one of the major milestonesfor
mTAS technology.

Figure 2 illustrates a beam-splittingconfiguration.As
this cross-sectionalview shows,the illumination systemis
composedof two layers of cylindrical microlenses.The
first two lensessplit the incomingbeamof light, while the
third onefocusesthetwo resultingbeamsinto thedetection
cell or microchannel.The beamsdivergeasthey leavethe

Fig. 3 2-D ray-trace simulation of an off-axis illumination. The mi-
crolenses on both layers are 280 mm wide (focal length 700 mm).

Fig. 4 2-D ray-trace simulation of an central-stop illumination sys-
tem. The microlenses is 310 mm wide (focal length 550 mm). The
stop has a diameter of 180 mm.
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chip, producinga dark areaa few millimeters behind the
chip wherea collectionmicrolensor a photodetectorcould
beplaced.Theoff-axis illumination schemeis anotherpos-
sibility. In this case,the incomingbeamforms an angleof
45 degwith respectto thesurfaceof themicrochip.As can
beseenfrom the ray tracingdiagramin Fig. 3, a first layer
of microlensessplits andfocusesthe beaminto severalde-
tection microchannels.A secondlayer of microlenses,de-
positedon the othersideof the microchip,directsthe light
sidewaysand also collects and focusesthe fluorescence
light onto the detector.The ray tracing diagramof Fig. 4
presentsa third layout. A circular stop blocks the central
part of theexcitationbeam.As in thefirst case,the light is
focusedinto themicrochannelanddivergesasit leavesthe
microchip.A collectionmicrolensand/ora detectorwould
be placedin the dark area.The optical effect of the micro-
channelsin Figs.2–4 hasbeenneglected,becauseonly the
illumination systemhasbeenrealizedfor the experimental
comparison.Ray tracingwasnot carriedout for thecollec-
tion of the fluorescencelight.

Thesethreeillumination systemscanbe basedon either
cylindrical or spherical microlenses. The fabrication
method,as describedin the next paragraph,remainsthe
same.The main differenceis the shapeof the light spot
insidethemicrochannel.For sphericalmicrolensesthespot
is circular, whereasfor cylindrical microlensesit is a line.
A focal line, which permits the excitation of a complete
microchannelsection,could be a way to increasethe illu-
mination volume for detection of low fluorochrome
concentrations.23

4 Fabrication Method

Figure5 showsthefabricationmethodfor refractivemicro-
lenses.It is basedon photolithographictechnology,but this
kind of microlensescan also be obtainedwith other tech-
niquessuchasdirectwriting or hot embossing.24 A layerof
photoresistis first depositedeither on a glassor a quartz
chemicalchip. The microlensescan also be depositedon
independentwafers,which will beplacedandaligned~e.g.,
with a flip chip bonder! on the chemicalchip afterwards.
The photosensitivelayer is then exposedthrougha chro-

Fig. 5 Main fabrication steps for deposition of a microlens array on
a glass or quartz chemical chip.
mium maskwith the help of a maskaligner.Oncedevel-
oped, the chip is heatedup in an oven at about 150°C.
There, the photoresistmelts, and under the influence of
surfacetension,the microlensesareformed.Dependingon
the baseshapeof the photoresistcylinder,variouskinds of
microlensescan be obtained.22 Sphericalmicrolensarrays
of diameterassmall as2 mm andas largeasseveralmil-
limeterscanbe producedby meansof this technique.Fig-
ure 6 shows 310-mm-wide photoresistmicrolenseson a
glasschip.

It is alsopossibleto addaperturesandstopsdirectly on
thesamewafer,asshownon the left photographof Fig. 11
~Sec.5!. In that case,the fabricationprocessbeginswith a
low-pressurechemicalvapordeposition~LPCVD! of a me-
tallic or absorbinglayeron thesurfaceof thechemicalchip
or the wafer. This layer is then patternedby photolitho-
graphic and wet etching techniques.Finally, the micro-
lensesarefabricatedasdescribedabove.Alignment marks
madeon the wafer during the photolithographicstepsfor
fabricationof the microlensesand aperturesallow precise
positioning.13,25

5 Results

All threeillumination conceptspresentedin Figs.2–4 have
been realized with off-the-shell components~i.e., micro-
lensesoptimized for other applications!. The microlens
specificationsand,in thecaseof thebeam-splittingsystem,
the gap betweenthe first and the secondmicrolenswafer
havebeenchosento maximize the excitation intensity in
the microchannel.The ray tracing simulationswere per-
formedwith theassumptionthat thedifferencebetweenthe
refractive indices of the melted photoresistand the glass
~'1.62and'1.54,respectively,at 633nm! is negligible.A
10-mWHe-Nelaserwasusedfor theexcitation.Thebeam
wasexpandedandcollimated.Theintensitydistributionbe-
hind the systemswas measuredby meansof a diffusing
screenplacedin front of a CCD camera.Thebeam-splitting
schemeis composedof cylindrical microlenseson two 25-
mm325-mm glassplatesof 0.5-mmthickness.The plates
were assembleby precisealignmentunder a microscope,
followed by bondingusinga UV-curableglue.Glassspac-
ersanda transparentsheet,on which a patternof apertures
wasprinted,wereinsertedbetweenthetwo plates.Thepur-

Fig. 6 Top view of photoresist spherical microlenses (slightly defo-
cused) deposited on a sealed chemical chip. A magnified image of a
microchannel can be seen in every microlens. The microlenses are
310 mm wide and about 33 mm high. The microchannels are 50 mm
deep and 110 mm wide.
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poseof this patternwas to block the light passingaround
the microlenses.The photographsin Fig. 7 show the first
platewith the two cylindrical microlensesandthe intensity
distributionof theexcitationbeamin a planeperpendicular
to the z axis and at different points within and behindthe
assembly.The imagestakenbehindthe layer,which would
normally containthe microchannels,clearly show that the
exiting beamsdiverge rapidly. The distancebetweenthe
two beamsincreasesfrom 0.45mm at 1-mmdistancefrom
the chip to about2 mm at 5 mm. The false-light intensity
behindthe collectionmicrolens~wherethe detectorwould
beplaced! wasmainly theresultof anincompletelyopaque
aperturelayer. Despitesomeexcitation light passingbe-
tweenthetwo first microlenses,theintensityis still about8
timesweakerthanon the sides~seeFig. 8!. The excitation
volume would be given here by the microchannelcross-
sectionandthe excitationspotdimensionalongthe micro-
channel~i.e., the lengthof thecylindrical microlens!. For a
microchannel110 mm wide and 50 mm deepand a spot
length of '2.1 mm, the excitation volume would be '8
nL.

Theoff-axis schemewasrealizedusingthesamekind of
glassplateswith cylindrical microlenses.Again the plates
were alignedundera microscopeand glued togetherwith
UV-curable glue. Figure 9 shows a sequenceof photo-

Fig. 7 Top picture: illumination scheme of the beam-splitting illumi-
nation system. The five bottom pictures show (from left to right): first
layer of cylindrical microlens, focal lines situated between the two
optical layers, focus spot (detection cell), and diverging beams at 1
and 5 mm away from the detection cell.

Fig. 8 Line plot of the intensity distribution in a plane situated 5 mm
away from the focal plane. The scan was taken along the y axis,
normal to the optical axis.
graphsof the microlensstack,the light distribution at the
level of the secondlayer of microlenses,and the intensity
distributionalongthez axis in perpendicularplanesat vari-
ous distancesfrom the surface.The distancebetweenthe
centerof the exiting beam~light spot! andthe z axis ~pho-
todetectorposition! increasedfrom 0 to 4.8 mm asthe dif-
fusing screenwasmovedfrom 1 to 10 mm awayfrom the
chip. As can be seenfrom Fig. 10, the intensity at the
detectorpositionis about4 timesweakerthanin theexiting
beampositionsat a distanceof 5 mm from the chip. The
false light is mainly generatedby the light passingin the
gap betweenthe microlensesor at the rim of the micro-
lenses.Theintegrationof aperturescouldincreasethesepa-
ration. As in the previoussystem,the excitation volume
would be given by the microchannelcrosssectionandthe
excitationspot dimensionalong the microchannel;the re-
sult is the same:'8 nL.

Thesystemwith thecentralstopwasrealizedon a single
glasswafer ~diameter100mm andthickness0.5 mm!. The
photographon the left in Fig. 11 showsmicrolenseswith
stopsat their centers.Then, in the next photographs,the
intensity distribution of the excitation beam passing
throughthe systemcan be observed.The light is first fo-
cusedontoa spotwherethedetectioncell would beplaced
andthendivergesasit leavesthechip. A darkcirculararea

Fig. 9 Top picture: illumination scheme of the off-axis illumination
system. Five bottom pictures show (from left to right): stacks of cy-
lindrical microlens arrays, and exiting beams moving sideways from
the detection axis at about 1, 5, and 10 mm away from the surface of
the chip.

Fig. 10 Line plot of the intensity distribution in a plane situated 5
mm away from the focal plane. The scan was taken along the y axis,
normal to the optical axis.
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with a radiusof 0.4 mm is createdin a planeperpendicular
to the z axis, 3 mm away from the surfaceof the chip.
There, as shown in Fig. 12, the intensity at the detector
positionis between6 and7 timesweakerthanon thesides.
As is clearly shownin Fig. 11, the light that is not focused
by the microlens~bright outerring! addsto the falselight.
Again the solutionto this problemis the integrationof ap-
ertures.Unlike the othersystems,the excitationmicrolens
is circular. The excitationvolumeis thusgiven by the mi-
crochanneldepthandthe excitation-spotradius~aslong as
thespotdiameterdoesnot exceedthemicrochannelwidth!.
For a spot radiusof '40 mm anda 110-mm-wide and50-
mm-deepmicrochannel,the excitation volume would be
'250 pL.

In termsof assembly,the beam-splittingexcitationsys-
tem is the most difficult, requiring two microlenslayers.
Thereforeit is morecomplexanddifficult to align thanthe
othersystems.On the otherhand,nearlyall the excitation
light passingthrough the microlensesis usableto excite
fluorochromes,which is also true for the off-axis system,
but not for thecentral-stopsystem.In this lattercase,if the
stop is about three-fifthsof the microlensdiameter,only
about55% of the excitationlight passingthroughthe mi-
crolensis used.With regardto optical quality, the beam
focusedby theoff-axis systemhasmoreaberrations.Thus,

Fig. 11 Top picture: illumination scheme of the central-stop illumi-
nation system. Five bottom pictures show (from left to right): spheri-
cal microlens array with chromium stop, and exiting beams at 0, 1,
2, and 3 mm away from the focal plane. The bright corona around
the dark area is due to the light passing around the microlens.

Fig. 12 Line plot of the intensity distribution in a plane situated 3
mm away from the focal plane. The scan was taken along the y axis,
normal to the optical axis.
it may be more difficult to control false light within the
chemicalchip, which could decreasethe sensitivity. One
solution would be to use elliptical microlensesto partly
compensatefor the influenceof the incident angle. This
typeof microlenscanberealizedwith the fabricationtech-
niquedescribedin Sec.4.22

Finally, the off-axis illumination systemwas chosento
be integratedonto a chemicalchip composedof two Pyrex
glass wafers, containing 50-mm-deep and 110-mm-wide
microchannels.The sphericalphotoresistmicrolenseswere
310 mm wide and about 33 mm high. Two 400-mm pin-
holes in an aluminum foil, centeredwith respectto the
refractivemicrolenses,weregluedon bothsidesof thechip
to block light not passingthroughthe microlenses.Unfor-
tunately, the diameterof the pinholeswas slightly larger
thanthemicrolensdiameters.Thus,theydid not completely
block the light passingaroundthe rim of the microlenses,
resultingin a reductionof the separationbetweenthe fluo-
rescentlight and the transmittedlight. For this reason,the
pinholeswill be microfabricatedfor future systems.The
excitationwasprovidedby a 10-mW He-Ne laserwith an
incidentangleof 45deg.Solutionsof Cy5 at concentrations
ranging from 50 mM to 10 nM in a solution of 50-mM
phosphatebuffer ~pH 7.4! were used. The fluorescence
light collectedandcollimatedby the secondsphericalmi-
crolens~NA 0.23! wasfiltered with the help of an interfer-
encefilter ~OmegaOptical XF46 EM! placedin front of a
photomultiplier~HamamatsuH5701-5!. The detectionand
collectionvolumeareboth '250 pL. Figure13 showsthe
signaldetectedfor a concentrationof 20 nM ~with a signal
integrationtime of 1 s!.26

6 Conclusion

Microfabricationtechniquesmakepossiblethecombination
of microchemicalchipswith opticalcomponentsof reduced
size.The assemblingof theseelementsin stackedform is
conceivable.A completemicrochemicalanalysissystem
with a largenumberof microchannels~which meansthat a
large number of samplescan be treatedsimultaneously!
becomespossibledueto thesizeandfabricationmethodof
the microlenses—whichis compatiblewith the microchip

Fig. 13 Fluorescence intensity versus time. After 100 s the Cy5 dye
concentration in the detection cell is reduced from 20 nM to 0
(deionized water only). For comparison, the signal level without light
(He-Ne laser switched off) is shown.
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fabricationtechnology.Furthermore,we presentedseveral
solutionsto realizean integrateddetectionsystem.

We havealsosuccessfullydemonstratedthedetectionof
a 20-nM solutionof Cy5 fluorescentmoleculesin a micro-
channelby meansof an off-axis illumination system.

This conceptis highly adaptableandwill permit the re-
alization and the integrationof micro-optical systemsfor
mTAS in the nearfuture.
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