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Abstract

Anodically bondedPyrex-/Metal doublestackwereinvestigatedor applicationsin the sensorencapsulatiotfield. The useof metals
canincreaseherobustnes®f the packagingandeliminatethe useof glue. Titaniumanodicallybondedo glasscanleadto biocompatible
systemsThe anodicbondingof metallic sheetof Invar, Kovar, Alloy 42 andtitaniumto ion-containingglassesPyrex andFoturan,was
evaluatedin termsof samplegpreparationbondingparametersandbondingcharacteristicsAt a bondingtemperaturéelov 300°C, the
stresdnducedto Pyrex wassmallerwhenthe Invar wasused however, aweakbondingwas obtainedat the lowestbondingtemperatures
investigatedin comparisorwith Invar andAlloy 42 bondedo Pyrex, Kovar inducedasmallerstresgor bondingtemperaturebligherthan
350°C. For bondingtemperatures between300and350°C, a similar value of stresswas obtainedfor Kovar andAlloy 42 bondedto
Pyrex aswell asahighbondingstrength A post-annealingtepatatemperaturef andhigherthanthebondingtemperaturevas shovn to
decreas¢he bondingstressandcanbe usedto improve the bondingstrengthof samplesondedat low temperatureKovar andAlloy 42
bondedo Pyrex at temperaturesf andhigherthan250°C weretight to liquid ata pressuref 1.5bars.In the caseof titanium, Pyre< and
Foturanweresuccessfullypondedo titaniumthin films andsheetsrespectiely. A properselectionof metalsandbondingparameterted
to levelsof residualstressstrengthandtightnesghatmake anodicbondingof metalsto glassa suitabletechniquefor theassemblingand

packagingof microsystemsfor instancepiezoresistie silicon sensor@andmicrofluidic devices.
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1. Introduction

The anodic bonding of various conductve materialsto
glasshasbeenrealisedsuccessfullyor thefirsttimein 1969
by Wallis andPomerant1]. They demonstratethatit was
possibleto irreversibly bond differentmetalsand semicon-
ductorsto an ion-containingglassby applying a potential
betweerthetwo samplesandheatinghematarelatively low
temperatureThe following paperson metalto glassanodic
bondingmostly presentedhe proceduredo realisethe bond-
ing and investigationson the mechanismsnvolved [2—6].
Among the sampleson which the anodicbondingto glass
was successfullyachiered, were materialshaving a similar
thermal expansioncoeficient to the Pyrex—glass,such as
Kovar, Alloy 42 andsilicon. Sincethen, with the grow of
the microsystemdield, this techniquehasbeenespecially
developedfor bondingsiliconto glassfor device assembling
andpackagingpurposesleaving the useof metalsasidefor
awhile [7,8].
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However, theanodicbondingof metalto glasscanalsobe
of greatinterestfor sensorgncapsulationTheuseof metals
canincreasethe robustnesof the packagingandeliminate
the useof glue. The latter could be essentiain someap-
plications,asfor examples,n the packagingof sensorop-
eratingin harshervironments,andof piezoresistie silicon
sensorsusedas pressureor liquid flow sensorq9]. Other
applicationsin microfluidics are the integration of robust
interconnect@nd sealingof devices[10]. Furthermorethe
combinatiorof titaniumanodicallybondedo glasscanlead
to biocompatiblesystems.

Few articlesontheapplicationof anodicbondingof metal
to glasshave beenpublishedso far, amongwhich, Kovar
to glassmicrofluidic connectiong10,11] anda bakablemi-
crovalve [12]. Neitherin the recentwork, nor in the first
paperspublishedon the subject,was reportedthe influence
of the bondingparametersn the propertiesof the bonding
itself. Characterisatiomf the bondingpropertieswould be
helpful to define potential applicationsin the field of mi-
crosystems.

In this communicationthe characterisatiorof metal to
Pyrex anodicbondingpropertieds reported Metalshaving
a coeficient of thermalexpansioncloseto Pyrex, suchas



Invar, Alloy 42 andKovar, wereinvestigatedThe character
isation of the bondingcharacteristicsvas concentratedn
threemain propertiesthe stressthe strengthandthe bond-
ing tightnesswhich areof importancen thefield of sensor
encapsulatioror packaging.The thermalstressinducedby
bondingthe samplegogethey the bondingstrengthandthe
tightnessof the bondedinterfaceto liquids dependon the
natureof the materialsinvolved, their preparationand the
parametersisedto anodicallybondthem, e.g.the bonding
temperatur@ndvoltage.Theemphasisn this studywas put
on determiningthe influenceof the bondingtemperaturen
the differentbongingcharacteristicsnentionedabove. The
resultsobtainedshavedthat,with a properchoiceof materi-
alsandadaptedondingparametershis bondingtechnique
could be suitablefor the encapsulatiomf sensors.
Moreover, with thegrowth of thebiologicalmicro-electro-
mechanical systems (BioMEMS) involving the field of
microfluidicsfor handlingliquid biological samplesgexper
imentswerecarriedonto bondPyrex andFoturanglasseso
sheetsandthin films of titanium. The useof titanium anod-
ically bondedto glasscouldleadto biocompatiblesystems.
In that case,the investigationswere mainly concentrated
in the determinatiorof bondingparametersesultingin the
relatively strongbondingof titaniumto the glassmaterials.

2. Experimental
2.1. Materials

Sincethesamplesareanodicallybondedogethematarel-
atively hightemperatur¢300-450°C), animportantparam-
eterto minimisefor achieving asuccessfubondbetweerthe
metalsand glassplatesis the resultingthermalstress.The
inducedstresscomesfrom the differencebetweenthe coef-
ficients of thermalexpansion(CTE) of the materialsused.
Two differenttypesof ion-containingglassesvere investi-
gated,Pyrex (Corning 7740) and Foturan (Schott) glasses,
with respectiely a CTE closeto Siandcloseto Ti (Tablel).
On onehand,Pyrex wasan olbvious choicesinceit is well
establishedn the field of microsystemsechnologylt is a
materialusedin the fabrication,assemblingand packaging
of the devices.Sinceit canbe anodicallybondedto Si, the
realisationof bondedtriple stackof metal, Pyrex and Si is
concevable.Ontheotherhand,Foturan,a photostructurable
glasscanhardlybeanodicallybondedo Si (CTE mismatch)

Table 1

andthis for small surfaces.However, it was consideredas
agoodcandidatao bebondedto Ti sincethey have almost
the sameCTE. The useof Ti canleadto the fabricationof
biocompatiblemicrofluidic systemswith the integration of
robust Ti fluidic interconnects.

Invar (64% Fe, 36% Ni), Kovar (54% Fe, 29% Ni, 17%
Co) andAlloy 42 (58% Fe, 42% Ni) are metalsthat were
chosento be anodicallybondedto Pyrex becauseof their
CTE ccloseto thecoeficient of Pyrex. In termof stress|nvar
and Kovar shouldprovide a minimum stresswhen bonded
atlow andat high temperatures,espectiely (Table1). Ti-
taniumwas the only metalconsideredo be bondecdto Fotu-
ran.The CTE of thedifferentmaterialsusedaresummarised
in Tablel.

2.2. Samples preparation and bonding parameters

Pyrex and Foturansquarechips (15mm, 500pm thick)
wereanodicallypondednsmallmetalsquareplate40mm
diametey 500um thick) with the aim of investigatingthe
influenceof the surfaceroughnessandof the bondingcon-
ditionsonthe characteristicef metalsbondedto glass.The
metal plateswere cut using water jet to avoid a mechani-
cal pre-stressThey werethenpolishedwith an aluminium
oxide slurry (0.3m) prior to bonding,which was foundto
be a necessargtepto have the bondingoccurring. The sur
faceroughnesof the metallic plateswas characterisedis-
ing a Profilometer(Tencor Alphastep200) and AFM (DI,
Nanoscope3) prior andafterthe polishingstep.

The bondingof the glasschipsto the metallic plateswas
performedin laboratoryair (cleanroomclass1000)at tem-
peraturesaryingfrom 200to 450°C andvoltagesfrom 500
to 1500V. The sampleswere cleanedin acetoneand iso-
propanolbeforebondingthemtogether

2.3. Thermal stress

The thermalstresshasbeenstudiedat room temperature
by measuringhe bow of bondedmetal-Pyrg sampleswith
thetip of aprofilometerTheradiusof curvaturewasdeduced
from the bow andusedto calculatethe stressof the Pyrex
chipbondedonthemetallicplateaccordingo thefollowing
formula[13]:

1 (am —ap)- - AT
= d_p ) 1— vp 1—vm (1)

dpEp dv Em

Op

Thermalexpansioncoeficients of the materialsusedfor the anodicbondingof metalsto glass.

Temperature°C) Coefficients of thermal expansion (ppm/K)

Si Pyrex Alloy 42 Kovar Invar Foturan Ti
0-200 3.0 31 45 5.5 1.7 - -
0-300 33 3.2 4.5 5.1 4.9 8.6 9.5
0-350 3.4 3.2 5.0 - 6.6 - -
0-400 35 33 6.0 4.9 7.8 - -




wherea p v is thecoeficient of thermalexpansionof Pyrex
or metal; AT thevariationof temperaturepp 1 the Poisson
ratio of Pyrex or metal;Ep v the Young'smodulusof Pyrex
or metal;dp v is the thicknessof Pyrex or metal.
Moreover, measurement®f the residual stressof the
bondedsamplesas a function of the ambienttemperature
(40-400°C) were performedin an inert gaseousatmo-
sphere Theseexperimentswere also carriedout to investi-
gatethe influenceof an annealingat a temperatureof and
higherthanthe bondingtemperatureon the residualstress
of the metal/Pyr& bondedstacksat roomtemperatureThe
samplesvereplacedin the FLX-2900from Tencor a wafer
cunature measuremenapparatusyherethey were heated
andthe bow of the bondedsampleaneasuredisinga laser

2.4. Bonding strength

Two methodswereusedto evaluatethe bondingstrength
of the metallic platesbondedto Pyrex. In the first method,
a holewas machinedn the metalchipsto enablethe appli-
cationof a nitrogenpressureat the bondinginterface.The
bondingsurfaceenegy canbe obtainedfrom the measure-
mentof the critical pressurenecessaryo debondthe Pyrex
from the silicon chip [14]. The equationis the following:

_ 0.088p%a*
=

wherey is the bondingsurfaceeneny; p the critical pres-
surefor debondinga theradiusof the hole; E the Young’s
modulusof the glass;t is the thicknessof the glasschip.
However, the formulae (2) was developedin the case
wherethe Pyrex glassis bondedto silicon. Metals exhibit
a plasticdeformationwhich is not the caseof silicon. One
should be aware that the valuesof enegy obtainedwhen
applying this formulaeto metal/glasssystemhave still to
be validate. A task not coveredin this paper Therefore,
the enegy valuespresentedn the resultssectionshouldbe

)

(a)

consideredasa qualitative indicationof the variationof the
bondingstrengthasa function of the bondingtemperature.

The secondnethodusedwas the bladetest[15]. Thefirst
resultsobtainedgave qualitative indicationson the strength
of thebondednterfacesandconfirmedthequalitatve results
obtainedfrom the critical pressurenecessaryo debondthe
chips.

2.5. Bonding resistance to liquids

To characterisghe bondingtightnessto liquid, Kovar—
Alloy42/Pyrex bondinggperformedat differenttemperatures
(1000V) were immersedfor few weeksin a water con-
tainer in which a nitrogenpressureof 1.5barswas main-
tained.A fluorescentabel, fluoresceinwith a size of the
orderof the nanometerwasaddedto thewater A standard
microscope(NIKON) working in the visible optical spec-
trum and a microscopefor the detectionof the fluorescent
labels (Axios-vert S100,Carl Zeiss)were usedto obsere
the samplesafter being exposedto the liquid. More details
aboutthe set-upusedfor the detectionof fluoresceircanbe
foundin referencq16].

3. Results and discussion
3.1. Samples and bonding preparation

Themetalsheethada surfaceroughnesspeakto peak,of
~4 m on a 2mm rangebeforepolishing.Kovar andAlloy
42 samplesverepolishedto asurfaceroughnessf ~150nm
on a2mm range.Fig. 1 shovs SEM photosof unpolished
andpolishedKovar plates,similar resultswereobtainedfor
Alloy 42 andInvar. Thelocal surfaceroughnes®sf polished
Kovar andAlloy 42 evaluatedusing AFM hada rmsvalue
varyingfrom 5 to 10 nm.Polishednvar, Kovar andAlloy 42
weresuccessfullypondedor bondingtemperaturebetween
200and450°C, andfor voltagesbetween500 and 1500V.

(b)

Fig. 1. SEM photosof unpolished(a) and polished(b) Kovar plates.



However, bondingsperformedattemperaturebelon 250°C
were found to be weak just by manually putting pressure
on the samples.The bondingsperformedto evaluatethe
bondingcharacteristicssuchasstressstrengthandtightness
weredoneat a constantvoltageof 1000V.

In the caseof thetitanium plates they wereharderto pol-
ish thanthe othermetals.The Ti sheetshada peakto peak
surface roughnessdefore and after polishing, respectiely
of ~6 um and~800nm on a 2mm range.Obtaininga suc-
cessfulbondingto Pyrex washarderwhenusingTi asmetal
dueto the CTE mismatch.Theresultsfrom the bondingex-
perimentsperformedto anodicallybond Ti to glass(Pyrex
andFoturan)aredetailedin section3.5.

3.2. Thermal stress

The residualstressat room temperatureof Invar, Kovar
and Alloy 42 anodically bondedat different temperatures
to Pyrex is presentedn Fig. 2. At a bondingtemperature
belon 300°C, the stressnducedto Pyrex wassmallerwhen
the Invar wasused.However, the very low valuesof stress
obtainedor Invar bondedo Pyrex isprobablydueto thefact
thatthebondingdid notoccurwell betweerthetwo samples,
the bondingstrengthbeing very weak (seesection3.3). In
comparisorwith Invar andAlloy 42 bondedo Pyrex, Kovar
induceda smaller stressfor bonding temperaturesigher
than350°C. For bondingtemperatureg between300 and
350°C, similarvaluesof stressvereobtainedfor Kovar and
Alloy 42 bondedto Pyrex, which were smallerthanthose
obtainedwhen Invar was used.Dispersionin the value of
the stressobtainedfor a given bonding temperaturewas
obsenedandcorrelatedo thecurvatureof themetallicplate.
More pronouncedvas the bow of the plate,biggerwas the
residual stressmeasuredas presentedn Fig. 3, shaving
that a control of the parallelismof the metallic sampleis
importantto have reproducibleresults.

Theresiduaktresof Kovar andAlloy 42 sampledonded
to Pyrex at differenttemperaturesas measureatafunction
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Fig. 2. Residual stress at room temperature for Invar, Kovar and Alloy Fig. 4. Thermal stress as a function of the ambient temperature for: (a)
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Fig. 3. Relation betweenthe metal initial curvature and the residual
stressobtainedwhen bondedto Pyrex at differenttemperaturegvoltage
= 1000V) for Kovar and Alloy 42 (500n.m thick).

of the ambienttemperatureFig. 4 shavs the typical be-
haviour of thestressvariationfor Kovar andAlloy 42—Pyre
stacksasa function of the ambienttemperatureOnefactor
thatcouldexplainthe non-linearityobsenedis thevariation
of the CTE of the materialsinvestigatedas a function of
temperatureThe samplesbondedat differenttemperatures
(250, 350,450°C) hada very similar non-linearbehaiour,
whichtendto confirmthe suggeste@xplanationDuringthe
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3.0 Pyrex to Pyrex plates could be anodically bonded together
- m- Alloy42 _ A (300-400C, 800V) using an intermediate Ti thin film de-
— 251 _ e~ Kovar o :3 ’ posited on one Pyrex plate. The parameters leading to suc-
£ 2.0 ) /:./ cessful bondings using Ti and glasses, especially Foturan,
2 e still need more investigations and the bonding properties to
5 151 /'/ e be characterised systematically.
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Y 4. Application to microsystems packaging
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200 250 300 350 From the characterisation results obtained in this study,
Temperature (‘C) Kovar and Alloy 42, when bonded to Pyrex at a temperature

between 300 and 37%&, exhibit levels of residual stress,
Fig. 6. Relative strength of metals anodically bonded to Pyrex (voltage strength and tightness that are suitable for applications in the
of_ ?.OOOV) as a function of_the bonding temperature _obtained from the field of sensor assembling, encapsulation and packaging. An
critical pressure for debonding the Pyrex chip (p00 thick samples). interesting reduction of the residual stress can be obtained

by annealing the bonded samples at a temperature of and
sufficient. Post-thermal treatments on Invar bonded to Pyrex higher than bonding temperature. This annealing could also
at low temperature could be a solution to preserve the smallbe performed on devices bonded at lower temperature to
residual stress and in the same time increase the bondingncrease their bonding strength and still maintain a small
strength. Experiments have still to be performed to optimise residual stress.
the processing parameters to obtain satisfactory values for Different applications of metal to glass anodic bondings
these two characteristics, the stress and the strength, on Inhave been reported recently in the field of microsystems

var samples bonded to Pyrex. technologies[10-12] In our case, metal to glass anodic
bonding was used to integrate robust fluidic interconnects to
3.4. Bonding tightness to liquids a piezoresistive silicon/Pyrex liquid flow sengét. Metal-
lic plates of Kovar and Alloy 42, on which a Pyrex PCB was
In the test conditions described section 2.5the bond- anodically bonded and tubes fixed, were used for this pur-

ings of metals to Pyrex performed using Kovar and Alloy pose. Moreover, concerning silicon piezoresistive sensors,
42 were found to be tight to liquid when bonded at tem- metal to glass anodic bonding is foreseen to have also appli-
peratures of and higher than 28D. The fluorescein labels cations in the packaging field of pressure sensors operating
did not penetrate at the bonding interface. Invar was not in harsh environments. In the case of titanium, its biocom-
tested due to its small strength when bonded at low tem- patible property combined with its assembling to Pyrex and
perature, and due to its higher residual stress, comparedroturan, materials in which microchannels can be structured,
to Kovar and Alloy 42, when bonded to Pyrex at higher make it a good candidate to be used in biocompatible mi-

temperature. crofluidic systems. Bonding Foturan and Pyrex to titanium
plates are investigated to seal microchannels and integrate
3.5. Bonding to titanium robust biocompatible titanium fluidic interconnects. Anodic

bonding of Pyrex can also be successfully performed on thin

The experiments carried out to anodically bond glass to metallic films[1]. An application of this technology is the
titanium were performed at temperatures between 300 andencapsulation under vacuum of quartz resonators. Pyrex caps
400°C. The first attempts to bond Foturan to Ti sheets were are bonded on thin metallic films forming the electrodes of
performed successfully at 40C and at a lower voltage the resonatorfl7].
of 300—400 V. At higher voltages, electrical breakdown oc-
curred in the Foturan and cracks could propagate in the ma-
terial and black spots be formed. However, the results were5. Conclusions
hard to reproduce. Bonding Pyrex to Ti sheets was not per-
formed successfully even if it has been reported to be possi- This communication presented the characterisation of
ble before[1]. Different polishing and cleaning procedures, anodically bonded Pyrex—Foturan/metal double stack for
as well as different bonding conditions were tried out with- applications in the field of sensors encapsulation. Invar,
out success. Debonding of the Ti plate occurred during the Kovar, and Alloy 42 were bonded successfully to Pyrex at
cooling step performed after the bonding. However, Pyrex temperatures of 250-45C and voltages of 500-1500 V.
was bonded with success to a Ti thin film (500 nm thick) be- The stress, strength and tightness to liquid of these bonded
tween 300 and 400C and 800 V. The Ti thin films were de- samples were characterised as a function of the bonding
posited by e-beam evaporation on a %28 thick Si wafers temperature. Selected metals anodically bonded with proper
on which a 80 nm thermally dry silicon oxide was grown. process parameters to glass exhibited levels of residual
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performed successfully at 40C and at a lower voltage the resonators [17].
of 300—400 V. At higher voltages, electrical breakdown oc-
curred in the Foturan and cracks could propagate in the ma-
terial and black spots be formed. However, the results were5. Conclusions
hard to reproduce. Bonding Pyrex to Ti sheets was not per-
formed successfully even if it has been reported to be possi- This communication presented the characterisation of
ble before [1]. Different polishing and cleaning procedures, anodically bonded Pyrex—Foturan/metal double stack for
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posited by e-beam evaporation on a %28 thick Si wafers temperature. Selected metals anodically bonded with proper
on which a 80 nm thermally dry silicon oxide was grown. process parameters to glass exhibited levels of residual



stress strengthandtightnessthat make this techniquesuit-
ablefor packagingmicrosystems.

The applicationof this techniqueto microsystemspack-
aging was demonstratedhroughthe integration of robust
fluidic interconnectgo a piezoresistie silicon/Pyre liquid
flow sensar Titanium was also consideredor applications
in the field of microfluidics wherebiocompatibility can be
of greatinterest.Pyrex was successfullypondedto thin ti-
taniumfilms on silicon andto Pyrex usinganintermediate
Ti thin film. Preliminaryresultsshaved also the bondabil-
ity of Foturanto thicker titanium sheetsBonding Foturan
to titanium platesand Pyrex to Pyrex usinganintermediate
Ti thin film areinvestigatedo sealmicrochannelgndinte-
graterobustbiocompatibletitanium fluidic interconnects.
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