
Bondingpropertiesof metalsanodicallybondedto glass

DanickBriand∗, PatrickWeber,NicolaasF. deRooij
Institute of Microtechnology, University of Neuchâtel, Rue Jaquet-Droz 1, P.O. Box 3, CH-2007 Neuchâtel, Switzerland

Abstract

Anodically bondedPyrex-/Metal doublestackwereinvestigatedfor applicationsin the sensorencapsulationfield. The useof metals
canincreasetherobustnessof thepackagingandeliminatetheuseof glue.Titaniumanodicallybondedto glasscanleadto biocompatible
systemsTheanodicbondingof metallicsheetsof Invar, Kovar, Alloy 42 andtitaniumto ion-containingglasses,Pyrex andFoturan,was
evaluatedin termsof samplespreparation,bondingparameters,andbondingcharacteristics.At a bondingtemperaturebelow 300◦C, the
stressinducedto Pyrex wassmallerwhentheInvar wasused,however, a weakbondingwas obtainedat thelowestbondingtemperatures
investigated.In comparisonwith Invar andAlloy 42 bondedto Pyrex, Kovar inducedasmallerstressfor bondingtemperatureshigherthan
350◦C. For bondingtemperaturesin between300and350◦C, a similar valueof stresswas obtainedfor Kovar andAlloy 42 bondedto
Pyrex aswell asahighbondingstrength.A post-annealingstepata temperatureof andhigherthanthebondingtemperaturewasshown to
decreasethebondingstressandcanbeusedto improve thebondingstrengthof samplesbondedat low temperature.Kovar andAlloy 42
bondedto Pyrex at temperaturesof andhigherthan250◦C weretight to liquid atapressureof 1.5bars.In thecaseof titanium,Pyrex and
Foturanweresuccessfullybondedto titaniumthin films andsheets,respectively. A properselectionof metalsandbondingparametersled
to levelsof residualstress,strengthandtightnessthatmakeanodicbondingof metalsto glassasuitabletechniquefor theassemblingand
packagingof microsystems,for instancepiezoresistivesiliconsensorsandmicrofluidicdevices.
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1. Introduction

The anodic bonding of various conductive materialsto
glasshasbeenrealisedsuccessfullyfor thefirst time in 1969
by Wallis andPomerantz[1]. They demonstratedthatit was
possibleto irreversibly bonddifferentmetalsandsemicon-
ductorsto an ion-containingglassby applying a potential
betweenthetwo samplesandheatingthematarelatively low
temperature.Thefollowing paperson metalto glassanodic
bondingmostlypresentedtheprocedureto realisethebond-
ing and investigationson the mechanismsinvolved [2–6].
Among the samples,on which the anodicbondingto glass
was successfullyachieved,werematerialshaving a similar
thermal expansioncoefficient to the Pyrex–glass,such as
Kovar, Alloy 42 and silicon. Sincethen,with the grow of
the microsystemsfield, this techniquehasbeenespecially
developedfor bondingsiliconto glassfor deviceassembling
andpackagingpurposes,leaving theuseof metalsasidefor
a while [7,8].
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However, theanodicbondingof metalto glasscanalsobe
of greatinterestfor sensorsencapsulation.Theuseof metals
canincreasethe robustnessof the packagingandeliminate
the useof glue. The latter could be essentialin someap-
plications,asfor examples,in thepackagingof sensorsop-
eratingin harshenvironments,andof piezoresistive silicon
sensorsusedas pressureor liquid flow sensors[9]. Other
applicationsin microfluidics are the integration of robust
interconnectsandsealingof devices[10]. Furthermore,the
combinationof titaniumanodicallybondedto glasscanlead
to biocompatiblesystems.

Few articlesontheapplicationof anodicbondingof metal
to glasshave beenpublishedso far, amongwhich, Kovar
to glassmicrofluidic connections[10,11] anda bakablemi-
crovalve [12]. Neither in the recentwork, nor in the first
paperspublishedon thesubject,was reportedthe influence
of thebondingparameterson thepropertiesof thebonding
itself. Characterisationof the bondingpropertieswould be
helpful to definepotentialapplicationsin the field of mi-
crosystems.

In this communication,the characterisationof metal to
Pyrex anodicbondingpropertiesis reported.Metalshaving
a coefficient of thermalexpansioncloseto Pyrex, suchas
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Invar, Alloy 42 andKovar, wereinvestigated.Thecharacter-
isation of the bondingcharacteristicswas concentratedon
threemainproperties,thestress,thestrengthandthebond-
ing tightness,which areof importancein thefield of sensor
encapsulationor packaging.The thermalstressinducedby
bondingthesamplestogether, thebondingstrengthandthe
tightnessof the bondedinterfaceto liquids dependon the
natureof the materialsinvolved, their preparationand the
parametersusedto anodicallybondthem,e.g. the bonding
temperatureandvoltage.Theemphasisin thisstudywasput
on determiningtheinfluenceof thebondingtemperatureon
the differentbongingcharacteristicsmentionedabove. The
resultsobtainedshowedthat,with aproperchoiceof materi-
alsandadaptedbondingparameters,this bondingtechnique
couldbesuitablefor theencapsulationof sensors.

Moreover, with thegrowthof thebiologicalmicro-electro-
mechanicalsystems(BioMEMS) involving the field of
microfluidicsfor handlingliquid biologicalsamples,exper-
imentswerecarriedon to bondPyrex andFoturanglassesto
sheetsandthin films of titanium.Theuseof titaniumanod-
ically bondedto glasscould leadto biocompatiblesystems.
In that case,the investigationswere mainly concentrated
in thedeterminationof bondingparametersresultingin the
relatively strongbondingof titaniumto theglassmaterials.

2. Experimental

2.1. Materials

Sincethesamplesareanodicallybondedtogetherata rel-
atively high temperature(300–450◦C), animportantparam-
eterto minimisefor achieving asuccessfulbondbetweenthe
metalsandglassplatesis the resultingthermalstress.The
inducedstresscomesfrom thedifferencebetweenthecoef-
ficientsof thermalexpansion(CTE) of the materialsused.
Two different typesof ion-containingglasseswere investi-
gated,Pyrex (Corning7740)andFoturan(Schott)glasses,
with respectively aCTEcloseto Si andcloseto Ti (Table1).
On onehand,Pyrex wasan obvious choicesinceit is well
establishedin the field of microsystemstechnology. It is a
materialusedin the fabrication,assemblingandpackaging
of the devices.Sinceit canbe anodicallybondedto Si, the
realisationof bondedtriple stackof metal,Pyrex andSi is
conceivable.Ontheotherhand,Foturan,aphotostructurable
glass,canhardlybeanodicallybondedtoSi (CTEmismatch)

Table 1
Thermalexpansioncoefficients 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 3.1 4.5 5.5 1.7 – –
0–300 3.3 3.2 4.5 5.1 4.9 8.6 9.5
0–350 3.4 3.2 5.0 – 6.6 – –
0–400 3.5 3.3 6.0 4.9 7.8 – –

and this for small surfaces.However, it was consideredas
a goodcandidateto bebondedto Ti sincethey have almost
the sameCTE. The useof Ti canleadto the fabricationof
biocompatiblemicrofluidic systemswith the integrationof
robustTi fluidic interconnects.

Invar (64% Fe, 36% Ni), Kovar (54% Fe, 29% Ni, 17%
Co) andAlloy 42 (58% Fe, 42% Ni) aremetalsthat were
chosento be anodicallybondedto Pyrex becauseof their
CTEcloseto thecoefficientof Pyrex. In termof stress,Invar
andKovar shouldprovide a minimum stresswhenbonded
at low andat high temperatures,respectively (Table1). Ti-
taniumwas theonly metalconsideredto bebondedto Fotu-
ran.TheCTEof thedifferentmaterialsusedaresummarised
in Table1.

2.2. Samples preparation and bonding parameters

Pyrex and Foturansquarechips (15mm, 500�m thick)
wereanodicallybondedonsmallmetalsquareplates(40mm
diameter, 500�m thick) with the aim of investigatingthe
influenceof the surfaceroughnessandof the bondingcon-
ditionson thecharacteristicsof metalsbondedto glass.The
metal plateswere cut using water jet to avoid a mechani-
cal pre-stress.They werethenpolishedwith an aluminium
oxideslurry (0.3�m) prior to bonding,which was foundto
bea necessarystepto have thebondingoccurring.Thesur-
faceroughnessof the metallic plateswas characterisedus-
ing a Profilometer(Tencor, Alphastep200) andAFM (DI,
Nanoscope3) prior andafter thepolishingstep.

Thebondingof theglasschipsto themetallicplateswas
performedin laboratoryair (cleanroomclass1000)at tem-
peraturesvaryingfrom 200to 450◦C andvoltagesfrom 500
to 1500V. The sampleswere cleanedin acetoneand iso-
propanolbeforebondingthemtogether.

2.3. Thermal stress

The thermalstresshasbeenstudiedat roomtemperature
by measuringthebow of bondedmetal–Pyrex sampleswith
thetip of aprofilometer. Theradiusof curvaturewasdeduced
from the bow andusedto calculatethe stressof the Pyrex
chipbondedon themetallicplateaccordingto thefollowing
formula [13]:

σp = 1

dp
· (αM − αP) · �T

1 − νP
dPEP

+ 1−νM
dMEM

(1)
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whereα P,M is thecoefficientof thermalexpansionof Pyrex
or metal;�T thevariationof temperature;νP,M thePoisson
ratioof Pyrex or metal;EP,M theYoung’smodulusof Pyrex
or metal;dP,M is the thicknessof Pyrex or metal.

Moreover, measurementsof the residual stressof the
bondedsamplesas a function of the ambienttemperature
(40–400◦C) were performed in an inert gaseousatmo-
sphere.Theseexperimentswerealsocarriedout to investi-
gatethe influenceof an annealingat a temperatureof and
higher than the bondingtemperatureon the residualstress
of themetal/Pyrex bondedstacksat roomtemperature.The
sampleswereplacedin theFLX-2900from Tencor, a wafer
curvaturemeasurementapparatus,wherethey wereheated
andthebow of thebondedsamplesmeasuredusinga laser.

2.4. Bonding strength

Two methodswereusedto evaluatethebondingstrength
of the metallic platesbondedto Pyrex. In the first method,
a holewas machinedin themetalchipsto enabletheappli-
cationof a nitrogenpressureat the bondinginterface.The
bondingsurfaceenergy canbe obtainedfrom the measure-
mentof thecritical pressurenecessaryto debondthePyrex
from thesilicon chip [14]. Theequationis the following:

γ = 0.088p2a4

Et3
(2)

whereγ is the bondingsurfaceenergy; p the critical pres-
surefor debonding;a the radiusof thehole;E theYoung’s
modulusof theglass;t is the thicknessof theglasschip.

However, the formulae (2) was developed in the case
wherethe Pyrex glassis bondedto silicon. Metalsexhibit
a plasticdeformation,which is not thecaseof silicon. One
shouldbe aware that the valuesof energy obtainedwhen
applying this formulae to metal/glasssystemhave still to
be validate. A task not covered in this paper. Therefore,
theenergy valuespresentedin the resultssectionshouldbe

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

consideredasa qualitative indicationof thevariationof the
bondingstrengthasa functionof thebondingtemperature.

Thesecondmethodusedwas thebladetest[15]. Thefirst
resultsobtainedgave qualitative indicationson thestrength
of thebondedinterfacesandconfirmedthequalitativeresults
obtainedfrom thecritical pressurenecessaryto debondthe
chips.

2.5. Bonding resistance to liquids

To characterisethe bonding tightnessto liquid, Kovar–
Alloy42/Pyrex bondingsperformedatdifferenttemperatures
(1000V) were immersedfor few weeks in a water con-
tainer, in which a nitrogenpressureof 1.5barswas main-
tained.A fluorescentlabel, fluorescein,with a size of the
orderof thenanometer, wasaddedto thewater. A standard
microscope(NIKON) working in the visible optical spec-
trum anda microscopefor the detectionof the fluorescent
labels(Axios-vert S100,Carl Zeiss)were usedto observe
the samplesafter beingexposedto the liquid. More details
abouttheset-upusedfor thedetectionof fluoresceincanbe
found in reference[16].

3. Results and discussion

3.1. Samples and bonding preparation

Themetalsheetshadasurfaceroughness,peakto peak,of
≈4�m on a 2mm rangebeforepolishing.Kovar andAlloy
42sampleswerepolishedtoasurfaceroughnessof ≈150nm
on a 2mm range.Fig. 1 shows SEM photosof unpolished
andpolishedKovar plates,similar resultswereobtainedfor
Alloy 42 andInvar. Thelocal surfaceroughnessof polished
Kovar andAlloy 42 evaluatedusingAFM hada rms value
varyingfrom 5 to 10nm.PolishedInvar, Kovar andAlloy 42
weresuccessfullybondedfor bondingtemperaturesbetween
200 and450◦C, andfor voltagesbetween500 and1500V.
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However, bondingsperformedattemperaturesbelow 250◦C
were found to be weak just by manuallyputting pressure
on the samples.The bondingsperformedto evaluate the
bondingcharacteristics,suchasstress,strengthandtightness
weredoneat a constantvoltageof 1000V.

In thecaseof thetitaniumplates,they wereharderto pol-
ish thantheothermetals.TheTi sheetshada peakto peak
surface roughnessbeforeand after polishing, respectively
of ≈6�m and≈800nm on a 2mm range.Obtaininga suc-
cessfulbondingto Pyrex washarderwhenusingTi asmetal
dueto theCTE mismatch.Theresultsfrom thebondingex-
perimentsperformedto anodicallybondTi to glass(Pyrex
andFoturan)aredetailedin section3.5.

3.2. Thermal stress

The residualstressat room temperatureof Invar, Kovar
and Alloy 42 anodicallybondedat different temperatures
to Pyrex is presentedin Fig. 2. At a bondingtemperature
below 300◦C, thestressinducedto Pyrex wassmallerwhen
the Invar wasused.However, the very low valuesof stress
obtainedfor Invar bondedto Pyrex isprobablydueto thefact
thatthebondingdid notoccurwell betweenthetwo samples,
the bondingstrengthbeingvery weak(seesection3.3). In
comparisonwith Invar andAlloy 42 bondedto Pyrex, Kovar
induceda smaller stressfor bonding temperatureshigher
than350◦C. For bondingtemperaturesin between300and
350◦C, similar valuesof stresswereobtainedfor Kovar and
Alloy 42 bondedto Pyrex, which were smallerthan those
obtainedwhen Invar was used.Dispersionin the value of
the stressobtainedfor a given bonding temperaturewas
observedandcorrelatedto thecurvatureof themetallicplate.
More pronouncedwas the bow of the plate,biggerwas the
residualstressmeasured,as presentedin Fig. 3, showing
that a control of the parallelismof the metallic sampleis
importantto have reproducibleresults.

Theresidualstressof Kovar andAlloy 42 samplesbonded
toPyrex at differenttemperatureswasmeasuredatafunction
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of the ambienttemperature.Fig. 4 shows the typical be-
haviour of thestressvariationfor Kovar andAlloy 42–Pyrex
stacksasa functionof theambienttemperature.Onefactor
thatcouldexplain thenon-linearityobservedis thevariation
of the CTE of the materialsinvestigatedas a function of
temperature.The samplesbondedat differenttemperatures
(250,350,450◦C) hada very similar non-linearbehaviour,
whichtendto confirmthesuggestedexplanation.Duringthe
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Fig. 6. Relative strength of metals anodically bonded to Pyrex (voltage
of 1000 V) as a function of the bonding temperature obtained from the
critical pressure for debonding the Pyrex chip (500�m thick samples).

sufficient. Post-thermal treatments on Invar bonded to Pyrex
at low temperature could be a solution to preserve the small
residual stress and in the same time increase the bonding
strength. Experiments have still to be performed to optimise
the processing parameters to obtain satisfactory values for
these two characteristics, the stress and the strength, on In-
var samples bonded to Pyrex.

3.4. Bonding tightness to liquids

In the test conditions described insection 2.5, the bond-
ings of metals to Pyrex performed using Kovar and Alloy
42 were found to be tight to liquid when bonded at tem-
peratures of and higher than 250◦C. The fluorescein labels
did not penetrate at the bonding interface. Invar was not
tested due to its small strength when bonded at low tem-
perature, and due to its higher residual stress, compared
to Kovar and Alloy 42, when bonded to Pyrex at higher
temperature.

3.5. Bonding to titanium

The experiments carried out to anodically bond glass to
titanium were performed at temperatures between 300 and
400◦C. The first attempts to bond Foturan to Ti sheets were
performed successfully at 400◦C and at a lower voltage
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 were
hard to reproduce. Bonding Pyrex to Ti sheets was not per-
formed successfully even if it has been reported to be possi-
ble before[1]. Different polishing and cleaning procedures,
as well as different bonding conditions were tried out with-
out success. Debonding of the Ti plate occurred during the
cooling step performed after the bonding. However, Pyrex
was bonded with success to a Ti thin film (500 nm thick) be-
tween 300 and 400◦C and 800 V. The Ti thin films were de-
posited by e-beam evaporation on a 525�m thick Si wafers
on which a 80 nm thermally dry silicon oxide was grown.

Pyrex to Pyrex plates could be anodically bonded together
(300–400◦C, 800 V) using an intermediate Ti thin film de-
posited on one Pyrex plate. The parameters leading to suc-
cessful bondings using Ti and glasses, especially Foturan,
still need more investigations and the bonding properties to
be characterised systematically.

4. Application to microsystems packaging

From the characterisation results obtained in this study,
Kovar and Alloy 42, when bonded to Pyrex at a temperature
between 300 and 375◦C, exhibit levels of residual stress,
strength and tightness that are suitable for applications in the
field of sensor assembling, encapsulation and packaging. An
interesting reduction of the residual stress can be obtained
by annealing the bonded samples at a temperature of and
higher than bonding temperature. This annealing could also
be performed on devices bonded at lower temperature to
increase their bonding strength and still maintain a small
residual stress.

Different applications of metal to glass anodic bondings
have been reported recently in the field of microsystems
technologies[10–12]. In our case, metal to glass anodic
bonding was used to integrate robust fluidic interconnects to
a piezoresistive silicon/Pyrex liquid flow sensor[9]. Metal-
lic plates of Kovar and Alloy 42, on which a Pyrex PCB was
anodically bonded and tubes fixed, were used for this pur-
pose. Moreover, concerning silicon piezoresistive sensors,
metal to glass anodic bonding is foreseen to have also appli-
cations in the packaging field of pressure sensors operating
in harsh environments. In the case of titanium, its biocom-
patible property combined with its assembling to Pyrex and
Foturan, materials in which microchannels can be structured,
make it a good candidate to be used in biocompatible mi-
crofluidic systems. Bonding Foturan and Pyrex to titanium
plates are investigated to seal microchannels and integrate
robust biocompatible titanium fluidic interconnects. Anodic
bonding of Pyrex can also be successfully performed on thin
metallic films[1]. An application of this technology is the
encapsulation under vacuum of quartz resonators. Pyrex caps
are bonded on thin metallic films forming the electrodes of
the resonators[17].

5. Conclusions

This communication presented the characterisation of
anodically bonded Pyrex–Foturan/metal double stack for
applications in the field of sensors encapsulation. Invar,
Kovar, and Alloy 42 were bonded successfully to Pyrex at
temperatures of 250–450◦C and voltages of 500–1500 V.
The stress, strength and tightness to liquid of these bonded
samples were characterised as a function of the bonding
temperature. Selected metals anodically bonded with proper
process parameters to glass exhibited levels of residual
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stress,strengthandtightnessthat make this techniquesuit-
ablefor packagingmicrosystems.

The applicationof this techniqueto microsystemspack-
aging was demonstratedthrough the integration of robust
fluidic interconnectsto a piezoresistive silicon/Pyrex liquid
flow sensor. Titanium was alsoconsideredfor applications
in the field of microfluidicswherebiocompatibilitycanbe
of greatinterest.Pyrex wassuccessfullybondedto thin ti-
taniumfilms on silicon andto Pyrex usingan intermediate
Ti thin film. Preliminaryresultsshowed alsothe bondabil-
ity of Foturanto thicker titanium sheets.BondingFoturan
to titaniumplatesandPyrex to Pyrex usingan intermediate
Ti thin film areinvestigatedto sealmicrochannelsandinte-
graterobustbiocompatibletitaniumfluidic interconnects.
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