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ABSTRACT

A new, active, normally-openblocking microvalve
thatusesthe thermalexpansionof a sealedthin parafin
patchfor actuationhasbeenfabricatedandtested. The
entire structureis batch-Bbricatedby surfacemicroma-
chining the actuatorand channelmaterialson top of a
single substrate. The parafin actuatedmicrovalvesare
suitablefor applicationsrequiringmary deviceson a s-
ingle die, low processingemperaturesandsimple,non-
bondedprocesgechnology Gasflow ratesin the0.1-2.0
sccmrangehave beenmeasuredor several deviceswith
actuationpowerslessthan50mw.

INTRODUCTION

Over the pastdecadeelaboratemicrofluidic valveshave
beenconstructedasedn electrostaticmagneticpiezo-
electric, bimorph andthermopneumati@ctuationmeth-
ods[1]. Becauseof their compleity, the majority of
thesedevicesare madeby bondingmary thick glassor
silicon substratesogether someevenrequiring external
cavity fills. This bulk micromachiningconstructiortech-
nigue makes the valves large and difficult to integrate
with othercomponentsn microfluidic systems.

Applicationsrequiringmary active valvesonasingledie
arerapidly emeging. Integratedmicro gaschromatogra-
phy andmassspectrometrgsystemsarebeingdeveloped
andwill requireeffective valving devices[2—4]. In addi-
tion, microfluidic systemssuchasDNA analysissystem-
s [5, 6], requireeffective microvalvesin orderto control
the transportof samplesandreagentghroughoutdiffer-
ent partsof the system. Typically thesesystemsequire
mary, independentlyperatingvalvesin orderto perfor
m comple or parallel functions. Therefore,the actua-
tors mustoperateindependentlyhave a simple fabrica-
tion processand integrate easily with the other system
components.

In this paper we presenta simplevalve thatis easilyin-
tegratedwith otherfluidic component®n the samedie.
Key to our simple valve fabricationis the choiceof ac-
tuation method. Most actuationmethodsprovide either
a large deflectionbut not a large force (or vice-versa);
thereforethey requirecomplex constructiormethodghat

overcometheir short comings(through mechanicalad-
vantageschemedor example). Thermopneumatiactu-
ators can provide both large displacementsand forces,
but theirfabricationandintegrationin largemicrosystem-
s is cumbersomg7]. Shapememoryalloy microactu-
atorsalso provide both large displacementsnd forces,
but are typically difficult to fabricate[8]. Recently a
new typeof microactuatowhich provideslargedisplace-
ments(2 — 10 um), high actuatiorforce (=~ 1N), fabrica-
tion simplicity, and suitability for microfluidic valve ap-
plicationshasbeenreported[9]. Thesemicroactuators
are basedon the thermalexpansionof a sealedsurface
micromachinedpatch of high actuatingpower parafin
wax film.

DESIGN

Material: The microactuatorsisedfor active valvesin

this paperare basedon the thermalexpansionof a thin

layerof parafin wax. Parafin belongsto afamily of ma-
terialsthatexperiencea large volumetricexpansionupon
melting. Typically a volumetricexpansionbetweenlO -

30% canbe reachedwvhen heatedto temperaturesang-
ing from 65-150°C, dependingon the melting tempera-
ture of thematerial.Figurel shovsthepressure-glume-
temperaturéPVT) characteristicef theparafin material
usedfor thedevicesin thispapernbondingwax, Logitech,
Ltd. (OCON-175)with ameltingtemperaturef 75°C).
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Figurel: PVT of LogitechOCON-175bondingwax

Actuators:  The microactuator shovn in figure 2, is



basednal0pumthick parafin film (LogitechLtd., OCON-
175). Theparafin film is sealedwith a 3-4 um thick lay-
er of parylene-Caflexible diaphragmayer. The heater
locatedbeneattthe parafin is usedto melt the parafin.
For a 10 pm thick parafin film with a 10% volume ex-
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Figure 2: Schematiccross-sectiorof surfacemicroma-
chinedparafin microactuator

pansionasshavnin figure 1, thecenterof thediaphragm
will deflectvertically about3 pm in about20 mswith a
power requirementessthan50 mw [9].

Microvalves. Theblockingmicrovalve,shonnin figure
3, hasa 500 ym-diameterinlet hole throughthe 1 mm
thick substratdeadingto a reseroir. The reseroir is
connectedo a3 mmlong capillarychannelwith a200 x
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Figure3: Crosssectionof blockingmicrovalve

20 um? cross-sectionaarea. The channeleadsto a cir-
cularreserwoir wherethe actuatorandoutlethole arelo-
cated.Directly aboretheactuatoiis the100pm-diameter
outlethole. Whenthe actuatoris activated,the diaphrag-
m is deflectedvertically pressingthe diaphragmlayer a-
gainstthe valve seatthus sealingthe outlet hole. Since
parafin canprovide very large actuationforces, a very
goodsealis easilyattainedwith low actuationpower.

The distancebetweenthe diaphragmandthe valve seat
is the gap heightwhich is determinedby the deflection
height on the actuator For this design,the deflection
distancewas 3 pm, thereforea 2 um gap height was
used,ensuringa good seal betweenthe diaphragmand
valve seat. Larger deflectiondistancesare possibleus-
ing thicker parafin films, alternatve parafin materials
(larger volumetric expansion),or mechanicabdwantage
scheme$9].

Bothgasandliquid basedralveshave beerfabricatecand
differ only in thereserwir andchannektructuralmateri-
als. Pneumatiovalvesuseelectroplatechickel structures
andtheliquid deviceshave parylene-Gstructures.

FABRICATION

Pneumatic Valves. The entireblocking microvalve is
fabricatedusingalow temperatur@rocesg<90°C) and

Cr/Au Heater

Patterned Foturan
Glass Substrates

Lithography 1-3

Lithography 4

Lithography 5

Ti/Au Seed Layer

o N
S S

| T,

Sacrificial
photoresist

Lithography 6

—_

20um Ni Layer

Figure4: Simplifiedblockingmicrovalvefabricationpro-
cesdflow

eightlithographysteps.Figure4 shows a simplified pro-
cessflow. The fabricationbegins by patterningtheinlet
hole in photodefinablaylasssubstrateg¢Foturan, Schot-
t Corp.). Patterningthe FoturansubstratesequiresUV
(312nm)exposure(~ 2J /cm? enegy densityis required
to structurizel mm thick substratesjollowed by a heat
treatmenschedulevhich reache$00°C for 1 hour. Dur-
ing theheattreatmentthesubstratesurfacesbecomevery
rough requiring surfacerefinishing. The substratesare
thenplanarizedwith a 20um calcinedaluminumoxide s-
lurry (Logitech,Ltd., 0CON-012)for 1 hourandpolished
with an alkaline colloidal silica slurry (Logitech, Ltd.,
SF10CON-140)for 1 hour Next, Cr/Au (500/5000})
heatersareevaporatechndpatternedn the substratdol-
lowed by the thermalevaporationof the parafin. The
parafin evaporationvasdonein acustomdepositiorsys-
tem(pressure5x 10~° Torr, materiattemperature150°C,
depositiorrate: 1000A/min.). Theparafin is thenselec-
tively patternedisingreactve ion etching(RIE: pressure
260 mT, CF4:0, 20:80sccm)with a parylene-C/Cr/Au



(5000/500/300@) mask. The patternedparafin patches
arethensealedvith a 3um thick parylene-Qayer. Adhe-
sionto the gold andsubstratdayersis assistedy asila-
nationprocedure.The parylene-Qayeris thenetchedn
an O, plasmaRIE usinga 20um thick photoresistnask
(ClariantAZ 9260). Fabricatedactuatorsare showvn in
figure5.

Electrode

Figure5: Photograph®f parafin actuatorswith 9um-
thick parafin layer (a) top view of completedactuator
(b) SEM of patternecparafin (c) top view of patterned
parafin with heaterclearlyvisible

Following the completionof the actuatorfabricationthe
channeland reseroir structuresare constructecon top
of the actuator First, a 1004/2um thick Ti/Al sacrifi-
cial gap-settinglayer is evaporatedand patterned. For
this device, a 2um gap thicknesswas chosenbasedon
the actuatorcharacteristicsNext, the sacrificialchannel
andreserwir areasareformedby spin-castinga 20um-
thick photoresis{AZ 9260) layer followed by softbale
(65°C for 1 hour), exposure(5mwW/cn? for 400 sec.),
anddevelopment(1:4 AZ400K (Clariant):DIH,O for 5
mins.). The entire substratdas then sputtercoatedwith
aTi/Au (300/300@) electroplatingseedayer A 3um-
thick Ni basdayeris thenelectroplatedBarrett-SNnick-
el sulfamatesolution, MacDermidInc.) onto the seed
layer. This is followed by spin-casting,exposure,and
developmentof a thick photoresis{AZ 9260)layer (>
20pm) forming the channeland reserwir mold. Next,
the 20pm-thick channektructuresareelectroplatedFol-
lowing plating, the photoresisimold is removedin ace-
toneandthe Ni baseis etchedwith a commercialnickel
etchanf(Type TFB, TranseneCo., Inc.). The Ti/Au seed
layeris thenwet etchedusinga commercialAu etchan-
t (GE-8148,Transene&Co., Inc.: which doesnot signifi-
cantlyattacktheNi films) anddilute HF solution(10:1DI
H>O:HF(49%))to remove the Ti layer. The Ti/Al sacri-
ficial spacetayeris thenremovedusinganin-houseetch-
ing solution(K,Fe(CN}) - 3H20:NaOH:DIH,0). Thefron-
t sideof thesubstratés thenspin-casteavith athick pho-
toresist(AZ9260)andsoftbaledat 65°C for 1 hour. The
parylene-Con the backsideof the substratgfrom prior
depositions)s removedusingO, RIE. TheForturanglass
substratesre thenwet etched(10:1 DI H,O: HF(49%)

) forming the inlet holeswhile at the sametime dicing
thewafer Finally, the sacrificial photoresisis removed
from the channelsof eachdevice in an acetonebathfor
5 hours. Figure 6(a) shavs an SEM photographof the
valve reserwir surroundingthe parafin actuatorwhere
theoutletholeis directly above the actuator Figure6(b)
shaws the reseroir surroundingthe inlet hole. Figure7
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Figure6: SEM photograplof device (a) circularreseroir
with outlet orifice over the parafin actuator(b) square
reseroir coveringtheinlet hole

is a microscopephotograptshaving the backsideof the

fabricateddevice. Figure 7(a) clearly shaws the actua-
tor. Figure7(b) shavs the etchedinlet hole throughthe

substrate.
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Figure 7: Microscopephotographof pneumaticvalve
backsideshawving (a) actuator(b) inlet holethroughsub-
strate

Liquid Valves: Themicroactuatordor theliquid valves
are fabricatedusing the sameprocessas the pneumat-
ic valves. For the liquid devices, the gap heightis set
by spin-castinga sacrificialphotoresistayer (AZ 9260).
Due to the heightdifferencesetweenthe substrateand
theactuatorsthephotoresists thinneron top of theactu-
ator Thephotoresisthicknessn the channelds 12 ym,

while onthetop of theactuatoiit is 6 um thick. Thesac-
rificial photoresists thenpatternedorming thereseroir



andchannebreasNext, a15 ym thick layerof parylene-
CisvacuumdepositedA Ti/Au (500/5000A masklayer
is sputtercoatedon the entiresubstrateThe Ti/Au mask
is patternedandthe parylene-Clayeris etchedin an O,
RIE. Figure8 shavsafabricatediquid (parylene-CGhan-
nel) valve.
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Figure 8: Microscopephotographof liquid microvalve
(a) Top side of circular reseroir clearly shaving outlet
hole andactuator(b) bottomof circularreserwir clearly
shaving the heaterelectrodesteseroir andchannel

Mass Flow Controller: A 6-bit micro massflow con-
troller (uMFC) is currently being fabricatedusing the
blocking microvalvesasshaown in figure9.
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Figure9: Microscopephotograplof 6-bit uyMFC

EXPERIMENTS

Pneumatic Valves. The die were mountedon custom
madecircuit boards(copperclad laminate,keprocircuit
systemsyvith 1 mm-diameterncces$olesconcentriovith
the inlet holes of the testdevices. The die (1.5cm x
1.5cm)werebondedto the circuit boardswith avacuum
epoxy(Kurt J. Lesker Co.). Figure10 shovs anexample
of adie mountedon thecircuit board.

The diaphragmcenterdeflectionwas measuredhrough
the outlet hole for variousinput voltagesusing a Zygo
NewView 5000non-contacsurfaceprofilometemwvith 100X
magnificationanda 5 pm, high resolutionscanlength.
Figure 11 shows the centerdeflectioncharacteristic$or
the 10um-thick parafin actuator Fromfigure 11, the ac-
tuatorhasdeflectedheentiregapheightwith lessthan50

Figure10: Photograplof die containingtenmicrovalves
bondedo testpc-board
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Figure 11: Measuredactuatorcenterdeflectionthrough
the outlet hole with a Zygo NewView 5000 non-contact
surfaceprofilometer

mW. The deflectionbeyond the gapheightis dueto the
soft parylene-Cdiaphragmpushinginto the outlet hole
by the moltenparafin.

Sinceflow andleakratesareexpectedo beverysmall,no
commerciallyavailable flow metersexist in thesesmall
ranges. Therefore,an indirect approachhasbeenused:
AP /At measurement®r a known volumeat the outlet
of thedevice aretakenastestdata[10]. Figure12 shavs
a schematioof the testingapparatus.The measuremen-
t procedures asfollows, initially valvesv; andv, are
closed.Valve v, is openedyv; is still closed)thusevacu-
atingthebottomchambeto aboutl00mTorr. Thenvs, is
closedandvalve v; is openedallowing the top chamber
to reachthe desiredpressurétypically 760 Torr). Valve
Vs is thenclosed. The computermeasureshe pressure
changeAP in the bottom chamberfor a period of time
At. Sincethevolumeof thebottomchambed is known,
fixed,andassuminghegasis ideal,the massflow rateQ
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Figure12: Experimentaflow rate measuremerdappara-
tus

canbedeterminedasshavnin Eq. (1).

() o

whereMy, is themolarmassandpy, the densityof ni-
trogen.

Flow ratesweremeasuredor differentappliedvoltages.
Whenthediaphragmis fully deflectedheflow ratethrough
the device is the leak rate of the valve. For all mea-
surementsthe top side pressureP; of the device was
maintainedat 750 Torr, while the bottom pressureP,
wasmaintainedn vacuum(about100mTorr). Figure13
shavs ameasuredlow ratethroughthe device asafunc-
tion of input voltageandpower. Measurementidicate
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Figure13: Measuredlow ratethroughdevice asafunc-
tion of input voltageandpower

flow ratesin the 0.1-2.0sccmrangefor actuationvolt-

ageslessthan5 volts while consumingessthan50 mW.
The flow ratefor this device is determinedprimarily by
the gaplayerbecauséts heightis anorderof magnitude
less. Flow ratescanbe adjustedby simply changingthe
gapheightandactuatordeflectionheight.

SUMMARY

In this paper we presentedhe design,fabricationand
testingof an active, normally openblocking microvalve
for bothpneumatiandliquid applications.Theactuation
is providedby aparafin microactuatarThevalveis com-
pletelyfabricatedusinga simplesurfacemicromachining
methodwith low temperatur¢<90°C). Thesevalvesare
particularly valuablewhenmary devices (> 10) arere-
quiredonasingledie.
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