
Fabricationof Multilayer SystemsCombining
Microfluidic andMicrooptical Elementsfor

FluorescenceDetection
Jean-ChristopheRoulet,ReinhardVölkel, HansPeterHerzig, ElisabethVerpoorte,

Nico F. deRooij, SeniorMember, IEEE, andRenéDändliker

Abstract—This paper presentsthe fabrication of a microchem-
ical chip for the detectionof fluor escencespeciesin microfluidics.
The microfluidic network is wet-etchedin a Borofloat 33 (Pyrex)
glasswafer and sealedby meansof a secondwafer. Unlik e other
similar chemicalsystems,the detectionsystemis realizedwith the
help of microfabrication techniquesand dir ectly depositedon both
sidesof the microchemicalchip. The detectionsystemis composed
of the combination of refractive microlensarrays and chromium
aperture arrays. The microfluidic channelsare 60 m wide and
25 m deep.The utilization of elliptical microlensarrays to reduce
aberration effectsand the integration of an intermediate (between
the two bonded wafers) aluminum aperture array are also pre-
sented.The elliptical microlenseshavea major axisof 400 m and
a minor axis of 350 m. The circular microlensdiameters range
fr om 280 to 300 m. The aperturesdepositedon the outer chip
surfacesare etched in a 3000-�A-thick chromium layer, whereas
the intermediate aperture layer is etched in a 1000-�A-thick alu-
minum layer. The overall thicknessof this microchemicalsystemis
lessthan 1.6mm. The wet-etchingprocessand newbonding proce-
duresarediscussed.Mor eover, wepresentthe successfuldetection
of a 10-nM Cy5 solution with a signal-to-noiseratio (SNR)of 21dB
by meansof this system.

Index Terms—Fluorescencedetection, glass-to-glassbonding,
TAS, refractive microlens,wet etching.

I. INTRODUCTION

T O DATE, various types of miniaturized systemsfor
chemical analysis in microfluidic channelshave been

realized with the help of microfabrication techniques.The
detectionmodesin thesesystemscanbeasvariedasultraviolet
(UV)-absorbance[1]–[3], refractive index measurements[4],
[5], electrochemicaldetection[6]–[8], or laser-inducedfluo-
rescencedetection(LIF) [9], [10]. Due to its selectivity and
high sensitivity [11]–[13], LIF is oneof thepreferreddetection
techniquesonmicrochemicalchips.For multichannelchips,the
mostcommonlyusedstrategytodayis toscantheanalyticalchip
with respectto a stationarydetectionsystem(suchasconfocal
microscopy) or to sweepthe channelswith a light beam[14].
Thesesolutionsrequireprecise,andthusoftenexpensive, bulky
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mechanicalandopticalsystems,suchastranslationstages,mov-
ablemirrors,or confocalmicroscopes.Thoughmicrofabricated
forms of someof theseelementsexist [15], [16], they do not
allow thescanningof a largenumberof microfluidic channels
(or microchannels)evenly distributed on a 100-mm wafer.
Moreover, they aredifficult to integrate,andhencenot suitable
for therealizationof micro total analysissystems TAS .

Thesearethe reasonswhy we take advantageof microfab-
rication technologyto directly integratethe detectionsystem
ontothechemicalchip.This solutionenablesthefabricationof
small andcloselyspacedoptical elements,their precisealign-
mentwith respectto the microfluidics, and the realizationof
original detectionsystemconfigurations[17], [18]. A chem-
ical chip with partially integratedoptical elementswas previ-
ouslyrealized[19]. This chipwas madeof a100-mm-diameter
0.5-mm-thickglasswaferin whichmicrofluidic networkswere
patternedandsealedby a secondidenticalwafer. The optical
detectionsystemwas composedof an arrayof refractive pho-
toresistmicrolensesandconventionalaluminumpinholes.The
microlensesfor illumination weremicrofabricatedon oneside
of the chemicalchip, whereasthe thosefor collectionof fluo-
rescencelight wereformedonaseparateglasswafer. Thesepa-
ratewaferwassawn, thenpreciselyalignedunderamicroscope
andgluedwith thehelpof a UV-curableglueon thecollection
sideof thechemicalchip. In thesameway, two chromiumpin-
holeswereaffixed on bothsidesof thesystem.A signalemitted
by a solutionof 20-nM Cy51 was recordedwith this system.
However, it was clear that manuallyassemblingthe microop-
tical componentslimited alignmentprecisionandhencedetec-
tion performance.Microfabricationwasrequiredin orderto get
precisealignmentanda perfectsizematchof all the different
elementsto decreasestraylight andincreasethesignal-to-noise
ratio (SNR).

The new chip presentedhereis madeup of a 0.5-mm-thick
cover waferanda 1-mm-thickwafer in which themicrofluidic
network is patterned.Both wafersare100mm in diameter. As
shown in Fig. 1, two patternedchromiumlayersandrefractive
microlensesdepositeddirectly on both sidesof the chemical
chipform thedetectionsystem.Thephotoresistmicrolensesare
fabricatedbyaresistmeltingtechnique[20], [21].Themicrochip
was designedfor biochemicalanalysisusinga heterogeneous
immunoassaytechnique [22]. The microfluidic network is
patternedbyphotolithography andetchedwith hydrofluoricacid
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Fig. 1. Microchip configuration. An excitation beam, focusedby a first
microlens,andthe fluorescencelight collectedby a secondmicrolensarealso
presentedfor onechannel. For thesake of clarity, microlensandmicrofluidic
arraysaredrawn larger thanin reality.

(HF) [23], [24], aswill be discussedbelow. Fig. 2(a) presents
thedetectionprinciple.Theincominglaserbeamis first focused
into a60- m-wide25- m-deepmicrochannelwith thehelpof a
first microlens.In thecaseof a laserbeamdiameterbiggerthan
the entrancemicrolensdiameter, the light passingaroundthe
microlensis not focusedinto themicrochannelandhenceis not
usablefor dye excitation.Moreover, it is an importantsource
of backgroundsignal.This is why an entranceaperturelayeris
usedto block this partof the laserbeam. On theothersideof
thechip,amicrolenscollectsandfocusesthefluorescencelight
emittedfrom the microchannelonto the detector. The second
aperturelayer (exit aperturelayer) prevents the unabsorbed
excitationbeamfrombeingscatteredontothedetector. Fig.2(b)
shows a similar system,but with a third aperturearrayforming
anintermediatelayerbetweenthetwoglasswafers.Thefunction
of this intermediateaperturelayer is to block the part of the
excitationbeamscatteredat thelevel of theentrancemicrolens
that is not focusedinto themicrofluidic channel,andhenceto
reducethestraylight.

The SNR (power of the background-correctedsignal/noise
power) andSNRin dB aregiven by [25]

SNR (1)

and

SNR (2)

where and aretheaveragefluorescenceandbackground
signal,respectively, and and arethevariancesof and

, respectively. Thetotalnoiseis hencecalculatedasthesum
of thevariances and . Theoff-axis illumination scheme
as presentedin Fig. 2(a) and (b) enablesa geometricalsepa-
ration betweenthe excitation beamandthe fluorescencelight
collectedby thesecondmicrolens.In anidealcase,spectralfil-
tering(e.g.,with aninterferencefilter) would not benecessary.
Part of the excitation beamis, however, scatteredat entrance
microlensand microchannelinterfaces.Someexcitation light

is thereforecollectedby thesecondmicrolens(theoneusedto
collectthefluorescencelight), increasingthebackgroundsignal
level.SincetheSNRis inverselyproportionalto thebackground
signallevel , areductionof increasestheSNRandhence
reducesthe limit of detection(LOD). The LOD is defined as
thefluorochromeconcentrationgiving asignalwith anSNRof
nine. An interferencefilter is placedin front of the photode-
tector in orderto improve the separationbetweenthe fluores-
cencelight andthecollectedpartof theexcitationbeam.Such
detectionschemescombininggeometricalandspectralsepara-
tion enablethedetectionof lowerconcentrationsthandetection
systemsbasedonly on interferencefilters [18].

The techniquesusedfor the realizationof the microchem-
ical chipsandfor the optical detectionsystemdepositionpre-
sentedin this paperarecommonlyusedmicrofabricationtech-
niquesandhencedo not requirespecialequipment.ThePyrex
wafersnecessaryfor therealizationof microchemicalchipsen-
abling the integrationof optical detectionsystemsworking in
thevisibleare,however, somewhatmoreexpensivethansilicon
wafers.Thesystemspresentedin Fig. 2(a)and(b) requireonly
five andsix photolithographicsteps,respectively.

II. CHEMICAL CHIP FABRICATION

A. Wet Etching

As discussedin SectionI, to reachhigh detectionsensitivity
andlow LOD, thebackgroundsignallevel mustbeaslow
aspossible.Therefore,theamountof excitationlight collected
by thesecondmicrolensmustbeaslow aspossible.Thisis why
particularattentionmustbe paid to excitation beamscattering
sourcesandhenceto the surfaceroughnessof the microchan-
nels.Themainchemicalchip fabricationstepsaresummarized
in Fig. 3. The etchingprocessbegins by cleaningthe wafers
for 10 min in 100% fuming nitric acid HNO . The wafers
are then carefully rinsedwith deionized(DI) water in a cas-
cadebathanddried with pressurizednitrogen.A wet-etching
maskof a 2000- polysilicon(poly-Si) layer is first deposited
on bothsidesof the1-mm-thickwaferby low-pressurechem-
ical vapordeposition(LPCVD).A 1.5- m-thick AZ15182 pho-
toresistlayeris thenspin-coatedononesideof thewafer. After
prebaking(85 C, 35 min), thephotoresistis exposedthrough
a chromiummask (Fig. 4) with the help of an AL6-2 mask
aligner.3 After developmentin anAZ351Bsolution,4 thewafer
is rinsedwith DI water and dried with pressurizednitrogen.
The patternedphotoresistlayer is thenhardened(120 C, 30
min) andtheunprotectedpoly-Si layerremoved by reactive ion
etching(RIE). The photoresistis strippedwith MOS-quality
acetone.Thewaferis thenrinsedwith MOS-qualityisopropanol
anddried with pressurizednitrogen.To get rid of all the pho-
toresisttracesandRIE redepositionproducts,theprocedureis
completedby a 10-min oxygenplasmacleaning(100 mTorr,
100 C). Themicrofluidic network is thenisotropicallyetched
in 20%HF atcleanroomtemperature(21 C). Theetchingtime
is 22min (etchingrate 1.1 m/min). Theetchingprocessis
followedby a thoroughrinsewith DI water. Thepoly-Si mask

2ClariantAG, Muttenz,Switzerland.
3Karl SüssKG, München,Germany.
4ClariantAG, Muttenz,Switzerland.
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Fig. 2. Detection principle. (a) System without intermediate aperture layer. (b) System with intermediate aperture layer, which is composed of a patterned Al
layer covered by a PECVD SiN layer.

is then removed in a 60C KOH bath (2 min), followed by a
rinse in DI water.

The 0.5-mm-thick cover wafers have 1 mm ultrasonically
drilled holes to enable access to microfluidic networks. If
an intermediate aperture layer is needed, an LPCVD of a
1000- aluminum layer is performed on one side of the
cover wafers. The aluminum layer is patterned by means of
the same photolithographic technique as used to pattern the
poly-Si layer, except that the aluminum layer is etched in an
AZ400K5 solution for 5 min. Any Al deposited in the access
holes is removed during this step. A 1000-plasma-enhanced
chemical-vapor-deposited (PECVD) silicon nitrideSi N
layer then covers the aluminum layer. This nonconducting layer
not only enables wafer bonding but also isolates electrically the
microfluidic channels, which is necessary for electroosmotic
pumping and capillary electrophoresis separation (requiring
high potentials between the inlets). Moreover, the noncon-
ducting layer must enable the transmission of the fluorescence
light emitted by the fluorochrome solution in the microchannel
to the detector [Fig. 2(b)] and therefore be transparent at the
fluorochrome emission wavelength.Si N has been chosen
because of its wide transparency window ranging from 290
to 9000 nm [26] enabling the utilization of a wide range
of fluorochromes. The Cy5 fluorochrome used here has an
emission peak at 670 nm. Silicon dioxideSiO and silicon
carbide (a-SiC:H) are also good alternatives to the silicon
nitride insulating layer [27], [28].

To test the fabrication of systems with intermediate aperture
arrays and to avoid the cost of a chromium mask, the aperture
pattern is printed on a transparent polyester film6 with a resolu-
tion of 3600 dpi. This film is then taped onto an old 5-in mask
from which the chromium layer has been removed. Both the
microfluidic wafer and the cover wafer are made of Borofloat
33 glass,7 which is equivalent to Corning 7740 (Pyrex). Wafer

5Clariant AG, Muttenz, Switzerland.
6Alliance Recording HN, Agfa-Gevaert, Belgium.
7Schott, Germany.

Fig. 3. Schematic diagram of microchemical chip fabrication and aperture-
layer deposition (for the case without intermediate aperture layer).

Fig. 4. Mask pattern for the wet etching of a microchemical device. Black
regions are openings in the chromium layer and thus etched regions. Network
lines are 10�m wide. Two microchemical devices are laid out on each wafer.
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surfacesarepolishedto a “threediamond”finish,whichmeans
that the arithmeticaveragedeviation of the absolutevaluesof
theroughnessprofile from themeanline is betterthanor
equalto 20 .

B. GlassSubstrateBonding

Microfluidicsandcover wafersarebondedtogetherbymeans
of twodifferentmethods.Systemswith anintermediateAl aper-
turelayerareanodicallybonded[27], [29]; thesystemswithout
sucha layer are thermallybonded[23], [24]. As experienced
with the first versionof the chip (with partially integratedop-
tical elements),wafersurfacesmustbeperfectlycleanandfree
of dust particlesin order to get homogenousbonding.More-
over, air bubblesmayremaintrappedbetweenthewafers,pre-
ventinga perfectbonding.If unbondedspotsarelocatedin the
microfluidic network region, they causeleakage.Thesearethe
reasonswhy thewafersarecleanedin a class100atmosphere
andwhy (Fig.4)asecondmicrochannelgrid ispatternedaround
the chemicalmicrofluidic network. This grid reducesthe sur-
face to be bondedand thereforethe probability to have un-
bondedzonesaroundthechemicalmicrofluidic network. Since
this grid patternis connectedwith the outsideatmosphere,it
also enablestrappedair andgasesto escapefrom hot wafers
during thebondingprocess[24]. Fig. 5(a)shows thesetupfor
thermalbonding.Thecover waferis firstplacedmanually(using
tweezers)ontheetchedwafer, so thattheaccessholesalignwith
theendsof thechannels.Thestackedsystemis thenplacedbe-
tweentwo 2-mm-thickceramicplatesandtransportedoutside
thecleanroomtoafurnace.8 Toensuregoodcontactbetweenthe
wafers,a metalcylinder 1 kg is placedon top of thestack.
Somechipswerebondedwith two0.5-mm-thicknonwovenalu-
mina/silicafabrics9 placedbetweenthewafersandtheceramic
plates[Fig. 5(a)].This soft layerensuresbetterpressuredistri-
bution.Thebondingtemperatureprofile is given in Fig. 6. This
bondingcycleis repeatedonceor twicewith weightsof 150g
placedover unbondedor poorly bondedregions,asevidenced
by whitish or slightly opaqueregions or interferencefringes.
Fig.5(b)presentsthesetupfor anodicbonding.Theglasswafers
arealignedunderthe microscope(with the help of alignment
marks)andthenplacedonthehotplateof thebondingsetup.A
single-sidedpolishedsiliconwaferis placedon topof thechip.
Theroughsideof thesiliconwaferis placedin contactwith the
glasssurfaceto preventthesilicon waferandglasswafer from
bonding.This conductive wafer enablesa homogeneouselec-
tric field distribution. The electrodes(threemetallic feet fixed
on analuminumplateandweighing 150g) arethenlowered
ontothestackedwafers.Thesystemis heatedup from ambient
cleanroomtemperatureto 450 C in 15 min. The voltagebe-
tweenthehot plateandtheelectrodesis thenincreased(with a
currentlimitation of 4 mA) from 0 to 0.7–0.8kV. Thetempera-
tureandpotentialarekeptconstantfor 15 min asthecurrent
slowly decreasesto 2.6mA. Thepotentialandthehot plate
are thenswitchedoff. The systemis left on the hot plateand
cooleddown from 450 C to roomtemperature.

8HeraeusInstrumentsM110,Hanau,Germany.
9Goodfellow CambridgeLtd, Cambridge,U.K.

Fig. 5. Bondingsetups.(a)For thermalbondingand(b) for anodicbonding.

Fig. 6. Thermalbondingtemperatureprofile.

III. DETECTION SYSTEM

A. Aperture Arrays

Before the formation of integratedapertureand microlens
arraylayers,theinletsof themicrofluidicchiparesealedupwith
small5 mm squaresof polyimide-siliconeadhesivetape.10 This
preventscontaminationof the microchannelsby solvent and
photoresistdeveloper, or cloggingwith photoresist.As shown
in point 3 of Fig. 3, the detectionsystemprocessbegins with
an LPCVD depositionof a 2000- chromiumlayer on both
sidesof the chemicalchip. Theselayersaresuccessively pat-
ternedby meansof thesametechniquedescribedinSectionII-A
(wet etching),except that the KOH etchantis replacedby a
chromium-etchingsolution(100gof Ce SO H O, 135gof
NH Ce(NO , and50 mL of H SO in 1000mL of H O).

Theetchingtime is 15 min at roomtemperature 21 C .
To enableefficient collectionof the fluorescencelight aswell
asefficientseparationbetweentheexcitationbeamandtheflu-
orescentlight, the variouselementsmaking up the detection
system(apertureandmicrolensarrays)mustbealignedwithin a

5 m rangewith respectto themicrochannels.Specialalign-
mentmarkson thephotolithographicmaskallow preciseposi-
tioning of thefirst chromiumaperturearraywith respectto the

103M, Austin, TX.
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Fig. 7. Refractive microlens deposition. The focal length of the entrance
(excitation) and exit (collection) microlenses are� 1.4 mm and� 2.0 mm,
respectively.

etched microchannels 4 m . Alignment marks are also
etched into this first chromium layer to allow later alignment
(within 2 m) of the second chromium aperture array, and, in
turn, the two microlens arrays. The overall alignment tolerances
between the sealed microchannels and the second aperture and
microlens arrays is 6 m.

B. Microlens Arrays

As shown in (1) and (2), a good SNR is directly related to
large fluorescence signal and to small background signal

. Defects (scratches) on microlenses used to focus the exci-
tation beam can scatter part of the excitation beam, reducing the
amount of light usable for fluorochrome excitation and hence

, while increasing the background signal . Defects on mi-
crolenses used to collect the fluorescence light reduce only the
amount of fluorescence light reaching the photodetector and
hence reduce only slightly (the size of the fluorescence
spot is small compared to the active area of the photodetector).
Therefore, the surface quality of microlenses used to focus the
excitation beam into the microchannel is more important than
the surface quality of the microlenses used for fluorescence light
collection. The illumination microlenses are deposited after the
collection microlenses in order to reduce the risk of microlens
surface deterioration during deposition of the second array of
microlenses. Fig. 7 shows the microlens array fabrication steps.
A 30- m-thick layer of AZ4562 photoresist11 is deposited on
the side of the chip with the inlet holes. The photoresist is de-
posited using an RC8THT spin-coater coupled with an ACS
hot plate.12 After the photoresist deposition, the wafers are di-
rectly and automatically transported to the hot plate for 4-min
soft-baking at 110 C. An MA8-BA6 mask aligner13 is used to
expose and pattern the photoresist. An AZ400K is used as a de-
veloper. The rinsed and dried wafers are finally placed, photore-
sist structures up, at 0.5 mm above the ACS hot plate (150C,
2 min). The heated photoresist cylinders melt, and under the in-
fluence of the surface tension, microlenses are formed. The mi-

11Clariant AG, Muttenz, Switzerland.
12Karl Süss, Garching/Munich, Germany.
13Karl Süss, Garching/Munich, Germany.

TABLE I
ETCHING RATE AND MICROFLUIDIC DEPTHS

crolenses for the focusing of the excitation light are deposited in
the same way on the other side of the chip. The only difference
lays in the photoresist thickness, which is 16.5m instead of
30 m (a thinner photoresist layer leads to a thinner microlens
and thus to a longer focal length). A 70-m PVC adhesive film
is used to protect the first microlens array during the second de-
position. The film is removed just before the melting procedure.

Circular and elliptical microlenses are obtained by melting
photoresist cylinders having circular and elliptical bases,
respectively. The base shape is given by the pattern on the
chromium photolithographic mask. Square, hexagonal, or even
ring-shaped microlenses are also possible [21].

IV. RESULTS AND DISCUSSIONS

Small (10 mm wafer pieces were used to evaluate the
roughness of the etched surfaces. These glass samples were
etched to a depth of 25 m in 20% HF, and the surface
roughness was measured with an Alpha Step 500 profilometer14

equipped with a 12.5-m stylus. The Ra of Pyrex glass samples
after wet etching is smaller than 21 (Ra before
etching). Though the surface roughness increased, it remained
close to the “three diamond” limitRa . Half-spherical
cavities with a radius ranging from a few micrometers to a few
tens of micrometers were also visible after etching. It is likely
that microbubbles, inclusions, or local chemical modifica-
tions [30] were at the root of these cavities. These were few in
number and did not cause any problems for the etching of the
microfluidic network. These tests also showed that the etching
rate is strongly dependent on the acid temperature [30] and on
the number of wafers already etched. This is why the etching
process was performed in two steps: a first step to determine the
etching rate (etching time of 20 ) and a second step to
adjust the microchannel depths. The microchannel depths were
measured with a profilometer at six places spread equally over
the wafer. Table I shows the etching rate of four batches (total
of eight wafers) made in the same acid bath. The etching rate
was between 1.2 (first batch, freshest acid bath) and 0.9 (fourth
batch) m/min. The relative difference between the average
microchannel depths achieved and the nominal depth is 4%
or better. The standard deviation of the microchannel depths
within the same batch is smaller than 0.6m. Fig. 8 shows a
cross-sectional view of a microchannel. Since the wet-etching
process with HF is isotropic, the microchannel section consists
of a half-circle with a flat bottom. The width of the flat bottom is

14Tencor Instruments, Mountain View, CA.
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Fig. 8. Scanning electron micrograph (SEM) of a cross-sectional view of a microchannel.

Fig. 9. Intermediate aperture layer deposited along parallel microfluidic channels. The slightly defocused dark circles are the apertures in the layer deposited on
the bottom surface (excitation side) of the chip.

given by the mask opening (10m wide), and the radius of the
side walls (etched distanceunder the poly-Simask) is equal to the
microchannel depth and hence proportional to the etching time.

For the first chip design (without the additional microchannel
grid to help the bonding), about three thermal bonding cycles
were necessary on average to get sealed microfluidic networks
[19]. This is time consuming, since one bonding cycle requires

13 h (Fig. 6). The new chip design enabled the reduction of
the number of cycles to about two. One cycle was sufficient for
the chips bonded with the alumina/silica fabric. As described in
Section II-B, the second and third bonding cycles were executed
with small weights placed over poorly bonded regions. The
weights produced marks on the chip surface, which reduced the
regularity and the accuracy of the thickness of the photoresist
layer deposited for the fabrication of the microlenses. The
microlens quality (accuracy of focal length, profile control)

is hence reduced. Moreover, the marks on the surface cause
scattering of the excitation beam, which increases the SNR.
The thermal bonding with the alumina/silica fabric reduced the
bonding time and increased the surface quality of the chip even
though the nonwoven fabric also slightly marked the glass.
Chips bonded with the alumina/silica fabric were perfectly
sealed without any unbonded regions, and, as shown in Fig. 8,
there is no visible interface between the wafers.

Anodic bonding required only one cycle to seal microfluidic
networks. This process is faster (cycle of45 min) than the
thermal bonding process (cycle of13 h) and enables the
bonding of two glass wafers with an intermediate aperture layer
if needed. On the other hand, the process requires a SiN layer
deposition. Fig. 9 shows the two kinds of intermediate apertures
that were integrated: 1) a rectangular aperture with the same
width as the microchannel and 2) a circular aperture larger than
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Fig. 10. Section of a 310-�m-wide photoresist microlens.

the microchannel width. One can also see the microchannels
passing under the apertures and the slightly defocused dark cir-
cles, which are the apertures in the layer deposited on the bottom
surface (excitation side) of the chip. The circular apertures are
less efficient than the rectangular ones (they do not block all
the light that is not focused into the microchannel), but they
are more tolerant to misalignment. This can be seen in Fig. 9,
where the apertures are not perfectly aligned with respect to the
microchannels (shifted by 60 m to the left). The circular
apertures are still operational, whereas the rectangular ones
block the microchannel and the fluorescence light completely.
The misalignment was due to the very simple setup used for
anodic bonding, which did not allow monitoring or to modifica-
tion of the wafer alignment when the electrodes were lowered.
The different feet did not touch the silicon wafer exactly at the
same moment, which caused a slight displacement of the stacked
wafers. Printed film was used as the photolithographic mask,
which did work well. However, precise alignment was difficult
to achieve since the taped film sometimes rubbed against the
photoresist. Moreover, when the wafer was placed within prox-
imity of the mask for exposition, the film tended to shift slightly.
This technique is cheap and useful for systems with simple and
low-resolution structures, but it is not suitable when precise
alignment 20 m for a multimask process is required.

Fig. 10 shows an SEM picture of a cut photoresist microlens.
In this system, two kinds of refractive microlenses were de-
posited to focus the excitation beam into the microchannel:
a 350- m-wide and 25-m-high circular microlens and a
350 400 m-wide and 27-m-high elliptical one. The mi-
crolens quality on both sides of the chip was tested with the help
of a Twymann–Green interferometer [31]. The standard devia-
tion of the microlens surface profiles from an ideal sphere is,
in both cases, . This corresponds to a Strehl ratio of

0.76 [32]. Even if the microlenses are not diffraction-limited
(an optical system is considered diffraction-limited when the
Strehl ratio is ), the microlens quality is sufficient for

nonimaging systems. Moreover, the collection side microlenses
deposited first were not damaged or affected by the fabrication of
the excitation side microlenses. Microlenses of equal quality can
hence be directly deposited on both sides of the same substrate
in two subsequent fabrication steps. The reproducibility in the
microlens focal lengths is within 2%.

Fig. 11 shows the complete system as seen from the col-
lection side. Several collection microlenses were deposited
along each sealed microchannel. The pitch between the parallel
microchannels is 1 mm but could be reduced to 360m since
the minimum pitch is given by the bigger microlens diameter
plus a gap of 10 m necessary for microlens fabrication.
Fig. 12 shows the fluorescence spot in the microfluidic channel
filled with a solution containing fluorescent dye when the
excitation beam is focused by (a) a circular microlens and (b)
an elliptical microlens. The elliptical microlens has smaller
aberrations for off-axis excitation and gives therefore a better
focused spot, which leads to a higher excitation intensity and
enables easier and more efficient fluorescent light collection.
Fig. 13 shows the average signals obtained when Cy5 solutions
in phosphate buffer (pH 7.4) having concentrations ranging
from 1 nM to 50 M were pumped through the microfluidic
network. The excitation beam was focused with elliptical
and circular microlenses, respectively. The signals obtained
for the buffer solution are presented as horizontal lines. The
absolute values of the average signal obtained with the elliptical
excitation microlens ( and ) were greater than the
signals obtained with the circular microlens ( and ). On
average, is 15% greater than , whereas, for the buffer
solution, is 9% greater than . Since the size of the
elliptical excitation microlens is 13% greater than the circular
excitation microlens, a signal difference of this magnitude
was expected. The better excitation spot shape obtained with
the elliptical microlens [Fig. 12(b)] explains why the signal
difference is more significant for the microchannels filled
with Cy5 solution than for the microchannels
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Fig. 11. View on the collection side of the microchemical system. One can see the 260-�m-wide 49-�m-high microlens array deposited onto the aperture array.
Unlike the excitation side aperture array, which is deposited on the whole wafer surface, the collection-side aperture array is limited to a zone of 5� 16 mm ,
which allows the flow inside the microchannels to be observed. The microfluidic and bonding networks, as well as their mirror image on the excitation side aperture
array, are also visible.

Fig. 12. Fluorescence spots in a microfluidic channel when the light is focused by (a) a circular microlens and (b) an elliptical microlens.

filled with plain buffer solution . Therefore, the
elliptical microlens, beside enabling a slightly larger excitation
power to be coupled into the microchemical chip, improves
slightly the signal difference when the microchannels are filled
with Cy5 solution versus buffer solution, and hence improves
the SNR. Fig. 14 shows the signal obtained when DI water
(signal equivalent to the signal obtained for phosphate buffer
solution) and 10-nM Cy5 solution (in phosphate buffer pH
7.4) were pumped through the microchannel. The excitation
was provided by a 5-mW He–Ne laser giving an excitation
power in the microchannel of 0.24 0.02 mW. The collected
fluorescence light was collimated through an 800-m pinhole
placed 2 mm away from the chip onto a photomultiplier tube.15

According to the data sheet, the electronic bandwith of the
photomultiplier output signal is 20 kHz. The signal was filtered

15Hamamatsu H5701–5.

by means of an XF46 EM interference filter16 placed in front
of the photomultiplier. The acquisition of the photomultiplier
signal was realized on a PC, equipped with a PCI-MIO-16E-4
data-acquisition card and LabVIEW.17 The sampling frequency
was 10 Hz (ten samples per second).

The photobleaching phenomenon (destruction of fluores-
cence dye molecules) is clearly visible when the liquid flow
is stopped after 60 s; the signal emitted by the Cy5 solution
decreases by 30%. Compared to the system with partially in-
tegrated optical elements described in the introduction [19], the
sensitivity has been improved by about a factor of three, and the
LOD of the fully integrated detection system (excitation beam
focused by an elliptical microlense) is 3.3 nMSNR .

16Omega Optical Inc, Brattelboro, VT.
17National Instruments Corporation, Austin, TX.

8



Fig. 13. Log–log plot of the fluorescence signal recorded when the excitation
beam was focused by a circular or an elliptical microlens. The excitation power
was 0.24� 0.02 mW.

Fig. 14. Signal detected for a 10-nM Cy5 solution and DI water pumped
through the microfluidic channel. All data were smoothed using a 21-point box
smooth algorithm, implemented in Igor Pro (Wavemetrics, Lake Oswego, OR).

V. CONCLUSION

Microfabrication enables the integration of microlens arrays
and aperture arrays directly onto and within microchemical
chips. As shown previously, fluorescence signals emitted from
dye solutions with concentrations on the order of few nM can
be recorded. The optimization of the design and the improve-
ment of fabrication techniques should yield sensitivities of a
few hundred pM and even achieve sensitivities comparable
to those obtained with standard detection systems [10]. The
microfabrication techniques used for the chemical chip and the
integration of the detection system enable precise alignment
of the optical elements with respect to the microfluidics, as
well as the fabrication of chemical systems with closely spaced
microfluidic channels and detection systems. Integrating the
excitation sources (light-emitting diodes, laser diodes, or
vertical-cavity surface-emitting lasers) and the detectors will
permit the realization of compact high throughputTAS.

This technology can also be used to realize stacked optical
systems combining refractive and diffractive optical elements
and aperture arrays for a wide range of applications such as

integrated spectrometers [33], imaging sytems for photolithog-
raphy [21], or coupling light into optical fibers [34]. Moreover,
the optical elements deposited onto Pyrex wafers can be bonded
onto micromachined silicon wafers to realize a wide range of
microoptoelectromechanical systems (MOEMS).
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