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《解 説≫

Pure－Silica－Zeolite Low Dielectric Constant Films：

Present and the Future

111

ⅥJShan Yan，SbuangLi，and Z句ianLi

Def）artmentOfChemicalandEnvironmentalEngineerlng，Universlty OfCalifbrnia，Riverside

Thesemiconductorindustrybas beenevoIvingataIlremarkablepace払rthepastfour

decades．To continue the evolution at this pace，neW materials with unlque COmbination of

PrOPerties have to beintroduced andincorporated，and one of themislow dielectric

COnStant（10W－k）materials・Thematerialofchoicefordielectricmaterialssincetheinception

Ofthe semiconductorindustry has been dense silicathat has ak＝4．0．To reducek，many

materials bave been studied and one m叫Or Classis porous silica．Incorporatio一丁Ofミair

reduces k because air has a k of aboutl．Here pure－Silica－ZeOlite as a possiblelow－k

materialis reviewed．Its m叫Or advantages over other porous silicas such as sol－gelsilica

and mesoporous silica are high mechnicalstrength，high thermalconductivlty，andlow

hydrophilicity．The performance data and the deposition processes for zeolitelow－k

materials are analyzed．The data available so far are f汀Omisslng，but more chactarizations

are needed and many technicalissues are yet to be resoIved．The future research needs for

this techIlOlogy are also discussed．

Keywords：ZeOlite，凸1m，dielectric，Silica，POrOuS

1．Tbei力tegrated circuit（IC）evolutioII

Since the firstintegrated
circuit（IC）was

inventedin1961byRobertNoyce，theICindustry

hasbeeれeVOlviIlgatarema止ablef〉aCeaれdithas

beenexceptionallysuccesshlindelivenngoperating

SPeedandaf払rdabilitytoitscustomers．Thissuccess

is wellre凸ected by theeveri‡1CreaSlflgPOPularity

and capability of desktop，1aptop and palmtop

COmP山ers・The empha■sis ofthis evolution so far

has beentbeincreaseofdensity oftra爪Sistors，the

movetoprocesslargersiliconwa托rs（β．g．，200mm

to 300mm），and the stringent controlof

manufacturingprocesses toimprove yield．Figure
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1showstbeevolutioれOfImtelmicroprocessorsover

the past three decades．The number oftramsistors

On a Slnglechip has grown from2250inthe first

generation4004Intelchip to a mind－boggling55

millionin Xeon・The corresponding clock speed

hasincreased50rders ofmagnitude什om6×104

Hz to2．8×109Hz（2．8GHz）．The number of

transistors ona slnglechipispredictedtoreachl

billionin2007．Gordon Moore，the cofounder of

Intel，madetheobservationifl1965thattbellumber

Oftransistors ona slnglechipwoulddoubleevery

18months，and theICindustry has been ontrack

ever
since（Figurel）．

2．TheintercoIlneCt

To have the neededlogic function of a

microprocessor，thetransistorsneedtobeconnected

by metalwires・The wires have to be properly

insulated．The combination of the metalwire and
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Fig．1NumberoftransistorsofIntelmicroprocessorsversus

theye∬Ofproductionandthe托a山托Size（data免・Om

WWW．intel．com）．

theinsulatoris calledinterconnect．Theinsulator

is also calledinterlayer dielectric（ILD）．The

materials of choice forinterconnect have been

Al／SiO2Sincetheinception oftheICindustry．Al

hasanelectronconductivityof3．0け凸－Cm，andSiO2

has a dielectric constant of4（k＝4）．To meet the

COntinulngdemandforspeed，however，thedensity

Of transistors willincrease and the feature size

Willcontinue to scale down，requlrlng that metal

Ofhigher electron conductivity andinsulator with

lowerk（10W－k）sothattheRCdelay（R払rresistance

andC forcapacitance），CrOSStalk noise and power

dissipation can be reduced．A new Damascene

PrOCeSShasbeenadoptedwhichallowsanewmetal，

Cu（electronconductivity＝1．7い・幻一Cm），tOrePlace

Al．In contract，despite theintensive worldwide

effort，a Suitablelow－k materialthat has the

PrOPerkandcanmeettheintegrationandreliability

requlrementS remains elusive・Figure2shows the

k values forthe recent past andcurrentchips and

thepredictedkvaluesfbrthe蝕turechipsaccording

to their technology nodes（i．e．，the托aturesize）．

The year ofproductionis also presented・Clearly，

alow－k materialwith ak＝1．6willbe neededby

2010．And there are no known manufacturable

SOlutions．

3．ÅlterIlativelow・k materials

Thedielectricconstantofamaterialdepends
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Fig．2Dielectricconsta山ofILDrequiredversus托如uresize

and yearofproductionofthe microprocessors．The

bulkkisthekfbrthepureILDmaterialwhilethe

ef托ctivekisafterotherlayerssuchascapf〉1nglayers

Su汀伽ndingthelow－kmatedd∬eCOnSidered（Data

fromInternationalTechnology Roadmap for

Semicon血ctors2001，WWW．SemateCh．org）．

Onthepolarizability andthenumberdensityofits

molecules．mepoladzabilityhasthreecontdbutions，

namely，electronic polarizability，distortion（ionic）

POlarizability and orientation polarizability．

Orientation polarizabilitylS Only applicable to

molecules with permanentdipole momentwhereas

electronicpolarizabilityanddistortionpolarizability

are for both polar and nonpolar molecules．There

is slgni鎖cant distortion polarizability contribution

Whenionicbondsarepresentinamateria1．Detailed

discussion regarding the dif托rent polarizationsis

availableintheliteraturel・2）・Many materialshave

beenstudiedas altemativelow－k materialsandthree

maJOr Classes are organic polymers，SilsequlOXane

（SQ），andsilica－based materials．Saturatedorganic

POlymershavelowdielectric constantduetotheir

low polarizability，but they are usually thermally

unstable at temperature above400℃．By contrast，

unsaturated polymers such as those aromatic rlngS

arethermallystable，buttheyarehighlypolarizable，

leading tolarge k value．Fluorine substitution can

reduce k becauseit decreases the polarizability

and the number density of chemicalbonds．Most
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Or the organic polymers with sufficient thermal

Stability have a k value2・6～2・8・Overallthey

faceslgnificantintegrationandreliabilityconcerns

due to their10W meChanicalstrength and heat

COnductivlty．

SQmaterialsareinorganicandorganichybrid

polymerswithanempiricalformula（R－SiO3ノ2）。3，4）

The R－grOuPIS mOSt COmmOnly
CH3－Or H－and

the corresponding materials are ca11ed MSQ and

HSQ（M for methyland H for hydrogen）・The

substitution ofC－Sior H－Sibonds for O－Sibonds

lowers the polarizability and the bond denslty Of

the material，and therefore MSQ and HS（〕have

lower dielectric constant than SiO2．MSQ usually

haslower dielectric constant than HSQ（2．8v∫．

3．0、3．2）becauseC－Sibondislesspolarizablethan

H－Siand MSQisless dense than HSQ．Overall

the dielectric constants ofboth materials
are high．

Dense（nonporous）pure silica has been the

materialof choice asILD since the beginnl昭Of

thesemiconductorindustryandthusitisonlynatural

thatintensive research has been focused on silica－

basedlow－k materials．Thedopingofnuorine and

carbon couldlower the dielectric constant，but the

reductionislimited5・6）．Forexample，C－dopedsilica

has k from2．6～3．0．

Anotherimportant and promising approach

is tointroduceporosltyinto silica・Sinceairhask

value ofc10Se tOl，incorporation ofporosltylntO

silicadecreases k very effectively・Therearethree

maJOr Classes ofporous silica－SOl－gelsilica，

surfactant templated mesoporous silica，and pure－

silica－ZeOlite（PSZ）．Soトgelsilica could have

exceptlOnallyhighporosltyandthereforeextremely

lowk（e．ぎ．，k＝1．2）ifsupercriticaldryingisused

togeneratetheso－Calledaeroge17－9）・However，SOト

gelsilica with extremely high poroslty haslow

mechanicalstrength andlow thermalconductivlty・

The slgnificant shrinkageduring dryinglS also of

concern．Anotherdrawbackisthatsol－gelsilicahas

very widepore sizedistributionandtherandomly

OCCurrlnglargeporescancauseelectricbreakdown

（Figure3）．Sol－gelsilicais also hydrophilic and
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Fig．3（a）Schematicrepresentationofsol－gelsilicastructure，

（b）transmissionelectron micrographofmesoporous

silica，and（c）atomicstnlCturemOdelofzeoliteCHA．

The co汀eSPOnding typICalpore size and pore size

distribution are alsoincluded．

tends to adsorb water．Water
has a k＝80～90，

and thus minoradsorptlOn Ofwatercouldincrease

k drastically．

The recently discovered surfactant templated

mesoporoussilicahasalsobeenevaluatedaspotential

low－k materialslO－12）．Mesoporous silica could have

high poroslty and thuslow－k・Mesoporous silica

alsohasmuchmoreregularanduniformporesthan

SOトgelsilica，肌dthusithasbettermecha血calstrength

（Figure3）．However，itstillamorphousbynatureand

could have similar concerns faced by soトgelsilica

suchas10WmeChanicalstrength andhydrophilicity・

In addition，although mesoporous silicahas ordered

POreS underthenomalprocesslngCOnditions，SPln－

OnmeSOPOrOuS Silicahas disorderedpores・

Zeolitesareinorganicmicroporouscrystalline

materials13▼14〉・Theirporesizeisextremelyuniform

（Figure3）．Theycouldhavehighmechanicalstrength

andheatconductivltyduetotheirdensecrystalline

backbone．Althoughthealuminosilicatezeolitesare

hydrophilic，Pure－Silica－ZeOlites（PSZ）are

hydrophobic・This should help reduce water
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adsorption．Based on these considerations，We

have been working
on development of zeolite

low－k materials for the past severalyears15－17）

Detailed discussion on the current state of this

technology and the future research directionsis

the focus of this review and willbe presentedin

the fo110Wlng SeCtions．

4．Pure・Silica・ZeOlite（PSZ）10W・k爪lms

4．1PSZ MFI爪lms byin sitllCryStallization

Although a promlSlng material，ZeOlitelow－k

technologylS Stillinitsveけearly stageofresearch・

Atpresent，ZeOlitesarecommercidlyusedascatalysts

肌dseparationmedia・Forbothapplications，theyare

usedin powder composite fom such as pellets and

granules．Recently，ZeOlite thin films have been

developed for membrane and membrane reactor

applications．Severalreviewshavebeenpublishedon

ZeOlitemembranes18－21）．Reviewsonporousmatedals

ingene血訂e血soavailableinwhichnovelapplications

Ofporous matedds were discussed22▼23）・A review24）

COVenngaCOmP化hensivelistofapplicationsねrzeolite

抗lmsandacollectionofarticlespublishedonzeolite

Blmsisavailablerecently．SpeciBcallytheapplications

includedinthereviewaremembranes25－31），membrane

reactors32－37），adsorption，Catalysis38－41），SenSOrS42－43），

heatpumps叫，血emoel∝血cs45），hydrophiliccoatlngS46），

COrrOSion resistant coatings47・48），and zeolitelow－k

Blms16・17・49，50）．New developmentsin zeolite films

SuChaspattemed爪1msandねbdcationofhierarchical

POrOuS StnlCtureSby uslngZeOlite nanoparticlesas

“buildingblock”were alsodiscussed5ト54）

Webegan to work on zeolitelow－k filmsin

1998．Our first effort was focused on PSZ MFI

nlmsbyinsitucrystallization・Insitucrysta11ization

was chosen because we were most familiar with

in situ crystallization process，andin situ

CryStallizationprocesscanproducecontinuouszeolite

nlmsfromwhichintrinsicpropertiesofzeolitescan

be obtained．Intrinsic properties of zeolites were

importantfbrproofofconceptandarestillimportant

to our current effort．In situ crystallization refers

to afilmdepositionprocesswherethesubstrateto

／

慧

m

■■血■

、し‾、】一

i ◆

◆｛◆

Tql血■

（26）

「

G仙止血■

Fig．4Process now and results ofpreparation of PSZ b－

Oriented MFI10W－k films byin situ crystallization．

be coatedis directly submergedin the synthesis

mixture and the zeolite crystals are formed“in

situ”on the substrate surface55・56）．The term “in

Situ crystallization”orlglnateS什om the fact that

no preformed zeolite crystals are usedin the

Synthesis．Insitucrystallizationcouldbeconsidered

a naturalextension of the normalhydrothermal

Synthesisofzeolitepowders．However，itisimportant

to recognlZe that synthesis ofacontinuous zeolite

nlmonasubstratecouldbe仙ndamentallydiJ托rent

fromthatof100SeZeOlitepowder55）．Toformhigh

quality zeolite films，the synthesis composition

andcrystallizationconditionshavetobeconducive

to goodintergrowth among the zeolite crystals

andgoodadhesionofthezeolitenlmtothesubstrate．

This requlrement makes composition optlmization

VeryO托enessentia155・57）．Manyoftheunsuccessful

PreParations for a functionalzeolite membranein

theearlydayscouldbeattributedtodirectadaptation

Ofa documented recIPe for powder synthesis．

The first zeolite we attempted was PSZ

MFI．Again this was a practicalchoice as we

Were mOStfamiliar with the synthesis ofMFIand

there were many synthesis protocoIs for MFI

availablein theliterature．In addition，MFIhas a

reasonablelevelofporosity（、33％）．The process

now ofthein situ MFIfilm deposition processis

illustratedis Figure4．First，a Synthesis solution

is prepared with tetraethylorthosilicate（TEOS），
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tetrapropylammonium hyむoxide（TPAOH），and

water．Alkaline metals that are routinely used
for

左eolite synthesis for catalysIS and separation

applications have to be avoidedin the synthesis

for10W－knlmsastheytendtocausemanyproblems

forsemiconductors・AunlquemOlecularcomposition

is used49）・The synthesis solution after proper

aglngisloadedinaTenon㊥1inedautoclave・The

silicon wafer substrateis vertically
fixedinside

the solution（Figure4）．Then the sealedautoclave

is placedinto aconvection oven preset at165℃・

Afterabout2hourlOminutes to2hour30minutes，

a monocrystallayer MFIfilmis formed・This

CrySta11ization can be sho托ened to withinlO～15

minutes with microwave heatlng．The thickness of

thefilmisabout400～450nmandthe爺1misclearly

b－Oriented，meaning that the b－aXis of the MFI

CryStalsis perpendicular to the substrate surface・

ThisorientationisconBmedbyx－raydif什action57・58）

Since there are straight channelsin
b－direction，

and monocrystalBlm has no grain boundariesin

themasspemeationdirection，b－Orientedmonocrystal

nlms areidealas separation membranes59）・

These films have a k value of2．7 and are

hydrophobic・The elastic modulusis30～40GPa

by nanoindentationusingafilmorO・43ドmthick・

Thisvalueismuchhigherthanthatofsoトgelsilica

or mesoporous silica films・Mechanicalpolishing

experimentsshowthatthefilmisstronglyadhered

to the silicon wafer and thereis．no cracking or

delaminationduringthepolishing・Lowresistivlty，

highresistivity，OXide－COVered，andnitride－COVered

wafers have been successfully coated with similar

b－Oriented films uslng thein situ crystallization

method．

4．2PSZ MFIrilms by spln－On Or ZeOlite

nanoI）article

Although the films formed byin situ

crystallization
are strong mechanically，the k

valueisstillhigh（seeFigure2）forfuturegeneration

Chips・AIso the solution phase deposition under

hydrothermalconditionsis of
concern to the
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Fig．5Processnowofdepositionandtypicdscannlngelectron

micrographs of PSZ MFIlow－k films by spln－On

PrOCeSS・

Semiconductorindustry．Adoption ofhydrothermal

PrOCeSS meanS Slgnificant deviation from current

Semiconductor processing schemes・Tolower k

and to develop a process thatis more acceptable

tothesemiconductorindustry，Wedeve10Pedaspln－

On PrOCeSS．This was the first time that a spln－On

PrOCeSSWaSuSedtoformadirectfunctionalzeolite

nlm60）．Spin－On PrOCeSS has been commonly used

by the semiconductor manufacturers・Therefore

the deve10Pment Of a spln－On PrOCeSS for zeolite

10W－k rilm represents a slgnificant step forward

towardthepotentialintegrationofzeolitematerials

into microelectronic devices．The process now of

a spln－On PrOCeSSisillustratedin Figure5・First

Wedeve10PaSynthesiscompositionthatis ableto

PrOduce zeolite MFInanoparticles suspension・

misisca汀iedoutundermildconditionsinaplastic

bottle．Aftercrystallization，thesuspensionobtained

goes through a brieflow speed centrifugation

（e．宮り5000rpm）toremovepotentiallargeparticles・

men the suspensionis
directly used for spln－On・

The suspension could be clear or slightly c10udy

depending on the particle size and concentration・

Thesuspensionisstablefora10ngtime（β・g・，SeVeral

months）．Important parameters that controlthe

nanocrystalsize and yield are the molecular

COmPOSition，aglng temPerature and time，and

CryStallization temperature and time・The spln－On

nlms with the normalone－Stage Synthesis have a
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k＝2．0～2．3．Thefilmsaremechanicallystrongand

With excellent adhesion．Nanoindentation was

Performed on aO．42いm thick凸1m andtheelastic

modulus was16～18GPa．Thisis muchlpwer

than the modulus of thein situ zeolite MFIBlm

（30～40GPa）．However，Itisworthmentioningthat

a modulus of6GPais usually considered to be

the threshold value forindustrially viablelow－k

dielectrics60）．

5．Future directions払r PSZ10W・k research

5．1Synthesis or smallPSZ nanoparticles witb

higIlyield

Thestudyofourfirstgenerationspln－OnMFI

幻lmshasrevealedaslgnificanttechnologybarrier，

the surface roughness．Although scannlng electron

microscopy（SEM）shows smooth surface on the

large
scale（e．ぎ．，卜m－mm－Cm），atO血ic

force

microscopy（AFM）at smallscale（β．g．，5卜mX5

けm）clearlyestablishes that the surねce roughness

COuldhaveaz－rangeOfashighas40nm．Thishigh

roughnessisundesirable．Toreducetheroughness，

a polishing stepIS an OPtion，butitis pre托rable

not to add another processlng SteP．Spin－On Of a

SmOOthcapplnglayerisalsopossiblesinceacapplng

layeris required by most of the porouslow－k

materials．Itis believed that oneimportant factor

toimprovethe surfaceroughnessis tocontrolthe

Particle size and particle size distribution．Figure

6sbowszeolitenanoparticleMFIYield－Diameter

CurVeSforanormalone－Stagehydrothemalsynthesis

aIld a hypotheticaldesired syIlthesis・The yieldis

defined as the weigbt ratio of the crystalline

nanocrystalsobtainedbycentrifugationandthetotal

Silica weight．Itis desirable to bend the Yield－

Diametercurveupward sothatthecrystallinity of

the film can beincreased while maintaining10W

Particle size andlow surface roughness・High

CryStallinityofthe凸1misexpectedtoincreasethe

mechanicalstrength and reduce the hydrophilicity

Ofthe spln－On films．It willalsoimprove thermal

COnductivity．We are developlng neW Synthesis

PrOCeSSeS that can produce smallnanocrystals
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Fig．6MFInanof〉a血cle Yield－Diameter curves fbr a one－

StageSynthesisandahypotheticaldesir血1esyntbesis．

Withhighyield．Atwo－StagenuCleatioIJcrystallization

PrOCeSS aPPearS tO be promlSlng．Our preliminary

data also show that carefulcontrolofviscosity of

the spln－On SuSPenSionby adding additivesis also

expected to beimportant to controlthe film

unifbrmlty and surface roughness．

5．2Extemdibili吋ofk toultralow－k range

Thespln－OnBlmshavetwolevelsofporosity－

theintrinsiczeoliticmicroporosityandinterparticle

mesoporoslty．Tablelshows the pore size and

POrOSity data of a typicalspln－On MFI伝1m．The

BlmhasawelldeBnedbimodalporesizedistdbution．

Itis noted that the mesopore sizeis fairly small

（2．7nm）．Smallpores（＜5nm）arepre托rred托om

theintegration and reliability considerations．For

any alternativelow－k material，itisimportantthat

its k can be extended to the ultralow－k range

（k≦2．0）withoutsign捕cantchangeinthechemical

COmPOSitionofthe凸1mandthedepositionprocesses．

Clearly，therearetwo waystoreducek．Oneis to

increase mesoporosity andthe otheris toincrease

microporosity．

We have recently developed a process that

inco甲OrateSPO陀generatingmoleculesor‘わorogens”
into the zeolite nanoparticle suspension prlOr tO

SPln－On．Theorganicporogensarelaterremovedby

Calcinationsothat“extra”mesoporesaregendrated．
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TablelPoroslty and pore size analysis of a typICal

SPln－On MFI凸1m．

Micropore size（nm）

Microporevolume【a】【cm3／g】

Mesol）Ore
Size（nm）

Mesopore volume【b】【cm3／g】

Totalporosity【c】（％）

Theoreticalk【d】

Measured k

Loss tangent
▲uノ
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【a】The micropore volume was calculated by the t－P10t

method・【b】Mesopore volume＝tOtalvolume叫micropore

VOlume．【c】Assumingthatthedensityofthedensematerial

is2．3g／cm3．【d】AccordingtoBr喝geman’se飴ctivemedium

approximation．

When the porogensloadingis15wt％，the k of

the filmisl．7．Thisis slgnificantlylower than

theparent凸lm（k＝2．3）．Therearemanyporogens

that can be used．Theimportant parameters to

COnSider here are that they have reasonably high

SOlubilityln Water aS the zeolite nanoparticle

SuSPenSionis aqueous based，and they are of an

appropriatesize（1essthan5nmporesarepre托rred）．

Cyclodextrin and dendrimers are good choices

according to ourexperience50）・

Byincreasing mesoporosity，meChanical

Strengthofthe凸1misdecreased．Theelasticmodulus

Of the spln－On film after porogen useis14GPa

While the parent film has an elastic modulus of

16～18GPa．Itis believed that reducing k by

increaslngmicroporosityispre托rredasitmaylead

to smaller reductionin mechanicalstrength．To

increase microporosity，a SWitch to zeolites with

low framework density（FD）is needed．Figure7

Showsthe什ameworkdensity ofa110fthezeolites

that have FDlower than MFI．Clearly，there are

Plentyofroomstolowerframeworkdensitystarting

什om MFI．Itis noted that the horizontalaxisin

Figure7is the size ofthelargest ringlnStead of

the normalsmallest ring as publishedin the

ZeOlite community14）・Smallpore zeolites with

high porosity arepreferredforlow－k applications・

The g柑y SquareS are for zeolites without known
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Fig・7Framework density（FD）versus size ofthelargest

nng ofzeolite with FDlowerthan that ofMFI．

Pure－SilicarecIPeS，andblacksquaresareforzeolites

that have been synthesizedin pure－Silica form．

The back squares that have open circlesinside

represent zeolites that have been synthesizedin

Pure－Silica nanocrystalform．Sinceitis nontrivial

to synthesize a pure－Silica－ZeOlite，CHA appears

tobeagoodtargetinthenea＝ermamongknown

PSZ’s．Bothin situ and spln－On CHA films would

be usefu1．The benefits ofin situ CHA films will

be discussedin next Section．For the10ng ter叫

ZeOliteTSC appears to bea veryattractive target．

PSZ BEAis also veryinteresting．PSZ BEA

nanocrystals have been synthesized recently and

low－k爪1mswereconsideredastheirresearchgoa161）・

The Bruggeman ef托ctive media modelhas

been commonly used
for predicting k for porous

10W－k materials2）．Itis unclear at this timeif this

modelisapplicabletozeolitematerials．Nonetheless，

Bruggeman modelwas applied and the predicted

k values for a110f the known PSZ－s are shownin

Figure8・Two experimentaldata polntS With one

ねrcalcinedinsituMFIandoneforas－Synthesized
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Fig．8Dielectdccon5taIlt（k）versusmicroporosityofzeolites

accordingto Bruggeman’s e恥ctive mediamodel．

insituBEA凸1msarealsoincluded（solidtriangles）．

These two poi力tS fallunder tbe BruggemaIl’s

CurVe，SuggeStingthatitispossiblethatBmggeman’s

modelmay not be accurate for zeolite materials．

ZeoiiteFAUandTSCaresbowIlin円gure8althougll

Pure－Silicaformofthesetwozeolitesarecurrently

unavailable．Anin situ TSC film could have a k＜

2．2witbout aIlymeSOPOrOSity．Thus toreach ultra

low－k，VeryminoramountofmesoporosltyWillbe

neededforaspln－OnTSCfilmandthisisexpected

toleadtominimalreductioninmecbanicalstre爪gth

and heat conductivity．

5．3 Synthesis of PSZ films wit血 dirfere皿t

rramework density（FD）byi血 Si仙

CryStallization

Despitetheねctthatinsitu crystallizationis

not preferred as a commercialprocess by the

Semiconductorindustry，in situ凸1ms are stillof

great value to the zeolitelow－k research・They

CanSerVeaSmOdelsystemstoobtainintrinsiczeolite

PrOPerties．For example，theintrinsic thermal

COnductivity ofa z¢01ite can be readily obtained

舟omitscontinuousinsitucrystallized缶1m．Thermal

COnductivity of zeolites has been experimentally

measured using compressed pellet from zeolite

POWders．The valueis only an estimate atbest as

the pellets containlarge amount ofinterparticle

VOids．Thee蝕ctsofporosityonk，elasticmodulus，

and thermalconductivity have been studied for

SOトgelsilicas・A fundamentalquestionhereis do

ZeOIites behave similarly as sol－g¢1silicas？As

mentionedinthepreviousSection，itisstillunclear

ifBruggeman－s modelis suitable for predicting k

for zeolite materials．It has also been shown that

both elastic modulus and thermalconductivity of

a sol－gelsilica decrease more thanlinear with

POrOSity．Is this true for zeolites？Since zeolites

are fully crystalline materialwith welldefined

microstructure at the atomiclevel，theoretical

Calculation and simulation may be usefuland

informativeintermsofanswenngthese伽ndamental

questions．

5・4Sy瓜t血esi50fllaIlOI）artjcles
of PSZ with

extremely10W什ameworkdensity（FD）

Todevelop acommercially attractivezeolite

low一女爺1mwitbultralow－kandmaximummecbanical

Strength and tbermalconductivity，itis desirable

to use zeolite nanoparticles withlow f柑meWOrk

denslty．From Figure7aIld Figure8，itis very

attractive to synthesis PSZ TSC nanoparticles．It

isnotedthatpure－SilicaformTSCisnotcu汀ently

available．Inthenearterm，SyIlthesisofPZS CHA

nanoparticlesis usefulbecause PSZ CHA recIPe

is already available．Itis also hoped that zeolites

With frameworkdensityevenlowerthan TSC and

Smallpore size willbe synthqsizedin the仙ture．

‘．Conclllding remarks

Zeolites are mature commercialcatalysts

and separation media even though rooms for

improvements exist．Zeolitesin a thin film

COnfiguration promise to slgnificantlylmPrOVe

Catalysisandsef〉arationandopenupnumerousnew

applications such as corrosion resistant coatings，

hydrophilic zeolite coatings，thermoelectrics，and

heatpumpsthathavenotbeenadequatelyexplored

before24）．The PSZlow－k research discussedin

this陀Viewpresentszeolitesanexcitingopportunity

butadmittedlyitisstillinitsveryearlystage．0ver

the years，many Pure－Silica－ZeOlites have bβen
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Synthesized and these materials have not found

Serious commercialapplications・Zeolitelow－k

technology may o飴r a good outlet払r this type

Of materials．Zeolite design and synthesis has

been mostly guided by catalysIS and separation

applications，and with zeolitelow－kapplicationin

mind，itis possible that new zeolite structures

willbe discovered．

ThedataobtainedsoねⅠ－ねrlow－kapplications

have been encouraglng・However，many teChnical

issues have yet to be resolved．Integration of a

new materialinto semiconductors has proved to

be always extremely challenglng and thereis no

exception for zeolites．The mechanicalstrengthis

Perhaps the strongest attribute for zeolitelow－k

materialsincomparisonwithotherporousmaterials・

More theoreticalwork on the ef飴cts of porosity

On k，elastic modulus，and thermalconductivity

SeemS Warranted．Thecrystallinenatureofzeolites

PreSentS a unlqueOPPOrtunity oftheoreticalwork・
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