ADHESIVES WITH THERMAL CONDUCTIVITY ENHANCED BY MIXED SILVER FILLERS FIELD OF
THE INVENTION [0001]The present invention relates generally to thermally conductive adhesives.
BACKGROUND [0002]The invention described herein relates to an adhesive paste for bonding higher
power devices to a substrate with a minimum of thermal resistance through the adhesive bondfine and
the method of use. [0003]The attachment of active devices, such as semiconductor dies, to a
substrate or in an electronic package has historically been accomplished using organic or inorganic
adhesives. Typically, a semiconductor die is bonded to a substrate that is part of the semiconductor
package. The adhesives that accomplish this bonding or attachment are usually in the form of a wet
paste which consiRBHESIYESHWHEH JHERMANCOMRYRIAVIDY Eﬂmw\ﬁ{‘;\?ﬁ%‘ﬁ@nal diluent.
[0004]The purpose of the adhesive is to create a bond between the semiconductor device and the
substrate. This adhesive layer between the RNERFY-LERF ate is often referred to as the bondline.
Inorganic and organic binders have both previgus| TBii;e most common inorganic binders
are glass, solder, or a eutectic of Si an&ﬂib%lﬁefﬁ%@ﬁ'g binder is used in inorganic
packages, such as ceramic or metal. They are not generally adaptable to bonding die in plastic
packages becal @891 the nighechipeeatuivpriessts %@ﬁ?@@@n@l%@é%‘&a‘i‘i’f‘@ﬁfﬁ@mure, for
example, with Ag filled glass is about 300C. as described in U.S. Pat. No. 4,933,030. This processing
temperature, h Y€= too high for use with a plastic laminate package. On the other hand, the
thermal conductivity of these inorganic adhe%\maﬁslaﬁt;ﬂgh, ranging about from 40 to 65 W/mK.

[0002]  The invention described herein relates to an adhesive paste for
bondiﬁg higher power devices to a substrate with a minimum of thermal

resistance through the adhesive bondline and the method of use.

[0003] The attachment of active devices, such as semiconductor dies,
to a substrate or in an electronic package has historically been accomplished
using organic or inorganic adhesives. Typically, a semiconductor die is
bonded to a substrate that is part of the semiconductor pacﬁkage. The
adhesives that accomplish this bonding or attachment are usually in the form
of a wet paste which consists of (1) a binder or.adhesive component, (2) a

filler, and (3) an optional diluent.

[0004] The purpose of the adhesive is to create a bond between the
semiconductor device and the substrate. This adhesive layer between the
device and substrate is often referred_ to as the bondline. Inorganic and
organic binders have both previously been used. The most common inorganic
binders are glass, solder, or a eutectic of Si and Au. Generally, this type of

binder is used in inorganic packages, such as ceramic or metal. They are not



[0005]Organic binders are the most common type of binders used for die attach in plastic packages
because of their low processing temperatures. However, the thermal conductivities of prior organic
adhesive systems have been limited to about 3-4 W/mK, thus limiting the amount of heat dissipation
possible in plastic packages. [0006]Organic binders can be further classified into thermoset and
thermoplastic. Thermoplastic organic binders are described in detail in U.S. Pat. No. 5,391,604.
Thermosetting binders, as the name implies, "set up” or "crosslink” from a chemical reaction which can
occur during a themerallpxadaplableT ypibahgingtidie o phastithpaskagestharausecpb e digh a
hardener, a filler, and in many cases a small amount of reactive solvent. The function of the hardener
is to crosslink wRMPRIHPEXy REASASSIROCHEAYESPom J hGuilPvestsARRMotemR&AtNEas f8Escribed in
U.S. Pat. No. 5,480,957, the hardeners can be "latent” i.e., they do not react with the resins until well
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the case of electro-conductive adhesives, in which the filler usually is silver, higher electrical and
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adhesives. [0008]In some cases, a fugitive non-reactive solvent is used with an epoxy resin. For

example, U.S. RgwkigeS thb dthtiiscsascivitiiatioe pabes HRIREERY Sy ehmiaskvemic

material in an epoxy resin to form a transparent epoxy photochromic filter. Unlike the invention

described hereibedielntiteds tnaissiat B0 avmKd thasitimithgsive aprogrnit fokkeat Widsipgtiomiculate
conductive filler. [0009]U.S. Pat. Nos. 5,011,627 and 4,564,563 further describe screen printable

electro-conductpespitess tHasticghadkaigestive, non-reactive solvents that are used to dissolve the
thermoplastic and epoxy resins. These examples, however, are used as conductive traces, such as on

membrane key{{@0@®6 fatheOhpniedbrriees aan henagatine sghsuifiedrmrashy ravogetraied before
entrapment in the structure by the crosslinking. Thus, they could not be employed as adhesives

wherein the solVeemmoplastize Tokrtmepldstio trgamnio dindebe avectesrribiad dnddeidibtrmid. Before
crosslinking occurs to avoid entrapment of the solvent and voids. [001 0]U.S. Pat. No. 6,265,471,
assigned in conftabriN@ith. &8 if8dkniThermosetting binders, as the name implies, "set up" or

"crosslink” from a chemical reaction which can occur during a thermal
excursion. Typically, a | thermoset adhesive contains an epoxy resin, a
hardener, a filler, and in many cases a small amount of reactive solvent. The
function of the hardener is to crosslink with the epoxy resin and change from a
liquid to a solid. More recently, as described in U.S. Pat. No. 5,480,957, the
hardeners can be "latent” i.e., they do not react with the resins until well above
room temperature. The use of a latent hardener extehds the pot life or time at
room temperature before the viscosity increases to an unacceptable level for

dispensing as a result of room temperature crosslinking.



invention, provides an organic adhesive with a thermal conductivity an order of magnitude higher than
those previously available, and, in addition, is easily dispensed and processed at low temperatures,
provides a strong adhesive bond between the die and substrate, and good storage characteristics.
U.S. Patent 6,265,471 discloses a thermosetting adhesive paste comprising by volume: a) about
15-75% of one part thermosetting liquid resin, b) up to about 45% solvent, and c) about 20-45%
conductive filler. Embodiments of the paste taught by the '471 patent, when cured, have an electrical

resistivity less th 50 OHER HfeHIBRENSb ARG iBear el eRdARB s e ¥WBKirBRIEF
DESCRIPTION OF THE FIGURES [0011]The accompanying figures, where like reference numerals

refer to identicakeribirelipnaltsi g asmigm asym thicugboaltréahapalintentiewsalndnthidinéogether
with the detailed description below are incorporated in and form part of the specification, serve to
further illustrate resadtive soherdiradypicatiy am exsiaiuratedolesvprisciisis moenemieasaprieniin
accordance with the present invention. used in embodiments of the invention; [0013]FIG. 2 is an

electron microgiieRsinkirg wathithgensheiieed seremingeartPESadinsderediatructusaydt fowder

shown in FIG. 1 according to embodiments of the invention; [0014]FIG. 3 is an electron micrograph of
a third type of sitASSismie¥endbe iMecraitnalidhesprie erl tp AIa%: QR AGRINE of N%ording to

m imen f i ntion; an . . \ .
embodiments Oi’ume(_:‘r.I %s,t,loin’ &ledcase of electro-conductive adhesives, in which the filler

usually is silver, higher electrical and thermal conductivities are realized.
However, because of the lower mblecular weight of the reactive solvent, only
a limited amount can be used without sacrificing heat resistance and other
functional properties. Thus,. thermal conductivities héve been limited to about

3-4 W/mK in prior art organic adhesives.

[0008] In some cases, a fugitive non-reactive solvent is used with an
epoxy resin. For example, U.S. Pat. No. 3,716,489 describes a volatile solvent
used to dissolve a photochromic material in an epoxy resin to form a
transparent epoxy photochrorhic filter. Unlike the invention described herein,
the above material is not used as an adhesive nor is it loaded with a

particulate conductive filler.

[0009] U.S. Pat. Nos. 5,011,627 and 4,564,563 further describe screen
printable electro-conductive pastes that include fugitive, non-reactive solvents
that are used to dissolve the thermoplastic and epoxy resins. These
examples, however, are used as conductive traces, such as on membrane
keyboards, rather than adhesives and hence the solvents are easily

evaporated before entrapment in the structure by the crosslinking. Thus, they



[0015]FIG. 4 is a sectional elevation view of a manufactured article using a thermally conductive
adhesive according to an embodiment of the invention. [0016]Skilled artisans will appreciate that
elements in the figures are illustrated for simplicity and clarity and have not necessarily been drawn to
scale. For example, the dimensions of some of the elements in the figures may be exaggerated
relative to other elements to help to improve understanding of embodiments of the present invention.
SUMMARY OF THE INVENTION [0017]The current invention provides an organic adhesive that has a

bulk thermal congutdiviof becempyetigiscadhasivas sehereinothsysaleanrts ausidarvatadimes, is easily
dispensed and processed at low temperatures, provides a strong adhesive bond between the die and
substrate, and Hf5em&w kepige belvesr thecie AMMSTPREIRRAO5 FRRAIIRAAFHS Dnductive
adhesive comprising by weight: 3-15% binder 0-15% solvent consisting essentially of non-reactive,

solvent, at leastI8 SPFRRMEN, AR SANRM RO  The thermally conductive filler is a blend of

two different powders including a first powder that has a tap density in the range of 3.2-6.9 g/cm3 and
a surface area t6d@lratio bk BefateNo. 265147 10assigpad i semsmardwiththe dnstant density

between 4.7 and 8.2 g/cm3 and a surface area to mass ratio between 0.04 and 0.17 m2/g. The first

powder and the 'B¥eBARNp RFRIATes APrargriif AR VR R8BS MBASOPBUA ERRD SR powders
can be gold, niCléF lr’ngaﬁﬁﬁcri’ezli\rilghgp tﬁgnafﬁiclzjsrg S‘Pe%%h&%@%ﬁ%ble, and, in addition, is easily
dispensed and processed at low temperatures, provides a strong adhesive
bond between the die and substrate, and good storage characteristics. U.S.
Patent 6,265,471 discloses a thermosetting adhesive paste comprising by
volume:
a) about 15-75% of one part thermosetting liquid resin,
b) up to about 45% solvent, and
¢) about 20-45% conductive filler.
Embodiments of the paste taught by the ‘471 patent, when cured, have an
electrical resistivity less than about 50 yQcm and a thermal conductivity
greater than aboﬁt 5 W/mK.
BRIEF DESCRIPTION OF THE FIGURES

[0011] The accompanying figures, where like reference numerals refer
to identical or functionally similar elements throughout the separate views and
which together with the detailed description below are incorporated in and
form part of the specification, serve to further illustrate various embodiments
and to explain various principles and advantages all in accordance with the

present invention.



[0020]According to one embodiment the binder includes a liquid epoxy resin that polymerizes upon
curing. Although embodiments that include a solvent have achieved particularly higher thermal
conductivities, alternatively no solvent is included. Benefits of not using a solvent include less settling
of fillers during adhesive storage and use, less shrinkage and a reduced need for exhaust ventilation
during curing, and the resulting higher binder content of the solvent-free versions can provide
increased bond strengths. According to another alternative embodiment, a powder binder is used in
lieu of the liquid[@@k2 pinderIBypicalaradiewes mMidegraphlbarssefbwitT 3ineyprwdéien used
with a powder the solvent lends cohesiveness to the adhesive before it is cured. According to a further
alternative in lieusetitireexboveimentsafate liquithiigroxy which is a thermoset type material, a
thermoplastic material is used. For example, a thermoplastic polymer may be used. Examples of
thermoplastic p@IQTER] that IPRY. b iSeh iR AyieRigrapRobREIdeso AA XgpEL @R aiRveolyOlefins
and the like. According to still further embodiments rather than using an organic resin, a resin based
on silicon chemistiyder uisedanlysiabiadipa pdity ther sikedsoustet. JAORH] IhErG allyacoordingve
adhesives according to the present invention have achieved performance levels substantially in
excess of thosettaemiodimants ahtine inyartidoned '471 patent, to wit, a thermal conductivity greater
than about 60 W/mK has been achieved. An electrical resistivity less than about 10 pf/cm has also
been achieved. [FIAMIED DFHSCRIS aHOMNelfs# icloigrapk wnarthire fipenet iives soates first and
second, top and bottom, and the like may be used solely to distinguish one entity or action from
another entity ousedicn \eavdin atiore sithil yhe ilviery poviderd yshgwinyimdiil@l sticicoelstiogstaip or order
between such entities or actions. The terms "comprises,” "comprising,” or any other variation thereof,
are intended to eBRadimrmsexcineivantiosi@nduch that a process, method, article, or apparatus that
comprises a list of elements does not include only those elements but may include other elements not
expressly listed [@0dn&}ent tFKBcH soaessctivaticelevatior, iewppfasmanifacteree rarticeceded by
"comprises ...a" does not, without more constraints, preclude the existence of additional identical
elements in the WG &sthaemaly, eenduciiveapghesive aetardingriceanhenhadisrentoob #Each of the
principal components of the adhesive pastes of the present invention is described below and as an
integral part of #%¢&HiB0e paste system which provides unexpectedly high thermal properties.
THERMOSET BINDER/HARDENER [0024]A wide variety of known thermoset resins can be used in

the [0016] Skilled artisans will appreciate that elements in the figures are
illustrated for simplicity and clarity and have not necessarily been drawn to
scale. For example, the dimensions of some of the elements in the figures
may be exaggerated reiative to other elements to help to improve

understanding of embodiments of the present invention.

SUMMARY OF THE INVENTION

[0017] The current invention provides an organic adhesive that has a
bulk thermal conductivity about 40% higher than those previously available,
and, in addition, is easily dispensed and pro;essed at low temperatures,
provides a strong adhesive bond between the die and substrate, and has

good storage characteristics.



present invention, and will be selected depending on the functional requirements of the cured material.
Preferred are cycloaliphatic epoxy resins having a molecular weight of less than about 1000 g/mol and
preferably less than about 500 g/mol. The low viscosity of the resin is attractive to allow a high percent
loading of the filler at a reasonable viscosity without the use of a large amount of fugitive solvent. The
viscosity of the thermoset resin is preferably between 200 and 2000 centipoise. [0025]A hardener
which is incorporated in the liquid resin should be latent, that is, is activated at temperatures greater
than about 100¢pphegrecifieHiardgnaindoreleptadidede miariygat adriRaTRIUIadHESRES
compatible with the solvent properties, as more fully discussed below. A resin with hardener system
that delays the giaFigdfspigaslingrhto above 100C., and has been found to be particularly satisfactory.
[0026]The latency of the curing or crosslinking is a key parameter of the system. Crosslinking must be
delayed sufficiently in SefAferdinderto allow a sufficient amount of the solvent to be extracted or dried
from the adhesive matrix. If too much crosslinking occurs before the solvent evolves from the
adhesive, the solvent 8ahofesolvent seapistind eereniirllvief inomrsaartived sabesibnal network that
results from crosslinking. Thus, the relationship between the vapor pressure of any solvent used and
the latency of the cros@h/fash8s ripldnarmatinoenabetVaifleo certain embodiments a cycloaliphatic
epoxy resin is combined with a latent hardener and a curing catalyst in an amount sufficient to
minimize crosslifhh3klow Tbecthe sl aendystivrelfilenois ahoblendionf atweastiierantrosslinking
at a temperature of 175C. for 45 minutes. Curing catalysts and hardeners for use with the liquid
cycloaliphatic ePSYARESiRCRpDHa §é?é@fé‘ﬂq%rgﬁ‘?ﬁ&@?iﬁl?ﬂﬁ@ﬂ%'ﬂﬁﬁﬁlfﬁ@ﬁﬁgé@kﬁlgd in the art.

[0028]It is prefergble,that the resin be substantially free of alkali and halide igns. If sugh ions are
present in the cﬁ?@ﬁ‘ 28RAR ST AR RN r‘f?é'l?c‘gnp/ﬁ%ﬁgnﬁ e@%rﬁ'ﬂ#gpé\ @to&he bond

areas, resulting in undesirahle conditions ingludi QITOSIO 02 cording 1o, certai bodiments
the binder is Iimlst'ee%o{]cgj‘l3 Y eér% ?L‘G@gk?y% e%%?sytﬁgﬁﬁ%?%%lgaﬁgﬁ/ﬁe é;rri%r g%ar#%#}lr(\?%]rder to

allow for a high gercqptage.of GRBEHNG /02 URd'SET marg. The first powder and the

second powder are preferably silver. Alternatively, one or both of the silver

powders can be gold, nickel, copper, zing, tin palladium and/or platinum.

[0020] According to one embodiment the binder includes a liquid epoxy
resin that polymerizes upon curing. Although embodiments that include a
solvent have achieved particularly higher thermal conductivities, alternatively
no solvent is included. Benefits of not using a solvent include less settling of
fillers during adhesive storage and use, less shrinkage and a reduced need
for exhaust ventilation during curing, and the resulting higher binder content of
the solvent-free versions can provide increased bond strengths. According to
another alternative embodiment, a powder binder is used in lieu of the liquid
epoxy binder. Typically, a powder binder would be used with a solvent. When
used with a powder the solvent lends cohesiveness to the adhesive before it

is cured. According to a further alternative in lieu of the above mentioned



SOLVENT [0030]A solvent used in the thermally conductive adhesive formulation is preferably
characterized by the following general properties: 1) non-reactive with the resin, e.g., does not
become part of the crosslinked epoxy system; 2) preferably the resin is soluble in the solvent;

3) non-bleeding, i.e., a slightly polar solvent with some surface tension is desirable to minimize the
bleeding at the edge of the die attach fillet; and 4) moderate vapor pressure, i.e., a solvent that
can be largely extracted from the matrix with elevated temperatures within a practical time. (Solvents
with vapor presdiguedregrexyawpicbfie. @l ticdd osettype rdd€riabve Heemopiablidtimsderiaksis
[0031]Within these parameters, a wide variety of solvents can be used, including, for example,
alcohols, ethersWsgterskaidexamnis. Aldhesaiaplastichrmysenmay sepavaes. in&xareelase liscosity,
and yield a poorlﬁ cured structure with the liquid epoxy resin based adhesives. The specific degree of

solubility is not dNREAPRIARHG PO staalumBY b crsgde NFiPEPEIvEstets: ROMaMIASRstem more

ily with heat. If th f the solvent is tog high, the solvent tends, te f
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large die, the ra&gmm%ja_fq@g%%gﬁmw%pﬁﬁw%%_solvent more critical. [0032]For

embodiments using a thermoplastic bi e solvent should-be chosen such that the thermoplastic
binder is insolubjg gy solvepl [RIR3T TR SPARILC SISl UL ERRY ST oRe Uibiaget of the
invention have achieved performance levels substantially in excess of those
taught by the commonly assigned ‘471 patent, to wit, a thermal conductivity
greater than about 60 W/mK has been achieved. An electrical resistivity less
than about 10 uQcm has also been achieved.

DETAILED DESCRIPTION

[0022] In this document, relational terms such as first and second, top
and bottom, and thé like may be used solely to distinguish one entity or action
from another entity or action without necessarily requiring or implying any
actual such relationship or order between such entities or actions. The terms
"comprises,” "comprising,” or any other variation thereof, are intended to
cover a non-exclusive inclusion, such that a process, method, article, or
apparatus that comprises a list of elements does not include only those
elements but may include other elements not expressly listed or inherent to
such process, method, article, or apparatus. An element proceeded by

“comprises ...a" does not, without more constraints, preclude the existence of



solvent, and preferably greater than 90%, is extracted from the adhesive matrix before any significant
crosslinking occurs. If the solvent extraction is not sufficient, the crosslinking can entrap the solvent in
the matrix, causing voids in the bondline and poor adhesion. Preferably, the components are selected
to limit crosslinking of the resin during initial drying to less than about 15% such that most of the
solvent is evolved. Solvents found to be particularly satisfactory in the present invention are terpene or
ester alcohols. According to certain embodiments the solvent has a vapor pressure sufficiently high to
allow greater thadditiena! Tdsntichiralesorrtsatitothe grecdssingethgd Grinieh sk appatatdgitifédm under a
die size of 0.400 inch per side. [0034]The use of a solvent is preferred because the solvent can reduce
the viscosity of 8eanpaResithe flemeMermitting a higher loading of filler. Higher filler loading can be
desirable because the resulting cured adhesive product can exhibit lower electrical resistivity and
higher thermal &R 3]vity. Kecbrdintp¢oprintipal coinpdimeatssyfithesatiasive pastestdh theount
ranging from 4%, up to 7% by weight. However, useful formulations may also be prepared as
solvent-free adiREERENEMNPBLRATD IS deseribrR]OTISIT [andi|RS iABlitesainnrtt el dhat WHe¥ewo different
powders. Although the chemical make up of the two different powders can and in the preferred

embodiment ar@3HEIAHEMMNELBFA¥IdES LBRPBCRINNIDNRIEIR! BffRsHiIghysical properties. The
filler includes a {i ity between 4.7 and 8.2 g/cm3 and a surface area to
mass ratio betth#%W§ﬁﬂj§}ﬁ5%§fE§§§gﬂg&nd silver powder that has a tap density between
3.2and 6.9 g/crrﬁé and a surface area to mass ratio of between 0.59 and 2.19 m2/g. According to
certain embodirt@RE 4} the ifvBidR Yasiekibknawauthesmaseh IRSinmgdRRe S Eellfd powder

divided by the surface area owder is at least four. The first powder and the

er unit mass Q tt%first
second powder%[Fesﬁ?éféPXéJR}'&Wer?Ntem tivifly, SHELH D oHERBUMRYS SR §E%cfré'8 Sfthe group
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as the lower surface area to mass includes oblong particles. Generally speaking, oblong shaped

silvers and/or ataRiPadEBY BAkRS At ableRgsebare e e feBiiv il atthrctahgstavenae loading of

the filler in the paste. A combination of two powders having well separated average particle sizes, one
large and one shigh gerverteadingd tadbRlipagic iy cndlske vistosjatthautoline usayfedfiller powder
with a multimodal (e.g., bimodal) particle size (and surface area per unit mass) distribution has been
found to be parfangerigrsatisfacfofygifieecsdivgnio cdieinviscdsityinnétetibenutsebdasike.i§., bimodal)
surface area per unit mass distribution has a first peak at a first surface area per unit mass value and
a second peak Bfefejabihbedwaan28R-anse¢QRtiaeatiRoBue and a ratio of the first surface area per
unit mass value divided by the second surface area per unit mass value is at least four. [0036]FIG. 1 is
an electron mic{@P&F] of antekandekeeofwinichbisviacngdiatet ifirdhey iquid sksém sbeddr beed in
embodiments of the invention. The silver powder shown in FIG. 1 includes oblong particles 102 within
the field of viewl 608 7iFG is2 is Acérated AhirmreEaiHres grestemhenabeus sEE fehliBned second
type of silver powder that is used in combination with the silver powder shown in FIG. 1 according to

embodiments ofB§SIfIR RTEIRNRIOHS 8elafRte fR e pifReiva b EMPEFRIUYERG YRS dited by the

B R i S AR A W s o
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used as an altemngégggﬁ fUNRE @gwg%ramlyﬁsgﬁfa%ﬂ&yombination with the silver powder

shown in FIG. 1 according to embodiments of the invention.

[0026] The latency of the curing or crosslinking is a key parameter of
the system. Crosslinking must be delayed sufficiently in temperature to allow

a sufficient amount of the solvent to be extracted or dried from the adhesive



[0039]The patrticles of the powder shown in FIG. 2 are platy shaped in contrast to the particles of the
powder shown in FIG. 3 which are more spherical in shape and have average aspect ratios closer to
unity. It is noted that a combination of the powders shown in FIG. 1 and FIG. 2 in the thermal
adhesives disclosed herein yielded more consistent mechanical bonds than a combination of the
powders shown in FIG. 1 and FIG. 3. ADDITIVES [0040]Various additives can be combined with the
pastes of the present invention to enhance certain properties of the adhesive such as modulus of
elasticity, resinrbigeisl, Hnbohamchl covadliokinty doass | efatectiagskingat sreclvascliaridkeo a
substrate, the interfacial shear.stresses developed at the bondline interfaces can become severe if
there is a largeadigpieh thenselveficcade fiRsoms ctnirgrarionrehdhie dindisultgrdfEeqdhe shear

stress developed is not only a function of the thermal expansion mismatch of the adjoining parts, but

also of the modiiMEns YRR H Hhafine shitteffam crasrliaing bt matbRaleaiooshik very
desirable to design the cured die attach material with a low modéSJcLub%{r jlienc g\At/o ab otlhb the stress
created by the RTREPBie YBROR BHRSRAIBS Gl AT VRN N IR DO RIENSY & AlSomplish this
is to add small 0 lus elastomers, rubbers, silicone, thermoplastics, or the like in
fine particle or ﬁéﬁ%@ﬁrﬁg[‘g% heg'r?hoplastics, in general, are much lower in modulus than
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curtailed. In the pregentiiavertiainkHy Bibwe wonee ater SiVRLANFSSY cHeRn hptisemagmal

amounts to alleviate this problem. Tod much of the very high surface area additive would increase the

viscosity excesgiisly £ (eadtdordy kRl IiAKARS (OB HEHSePARRA T 176C L 2fof B HefiR¥sand

adhesion. An appropriate amount is in the range of 0.1% to 1.0% In addition, small amounts of
viscosity modifieLsifiickedlirgsagndtdasierieas fethubeelitloshe ciiquize sycluaiiphitid isgbeycomposition
to reduce edge bleeding. Typically, about from 0.5 to 1% by volume can be used effectively.

resins may be selected from materials which are known to those skilled in the

art.

[0028] It is preferable that the resin be substantially free of alkali and
halide ions. If such ions are present in the cured adhesive product in a non-
hermetic environment, they can migrate to the bond areas, resulting in

undesirable conditions including corrosion.

[0029] According to certain embodiments the binder is limited to less
than 10% by weight of the thermal adhesive (prior to curing) in order to allow
for a high percentage of conductive filler to be used.

SOLVENT

[0030] A solvent used in the thermally conductive adhesive formulation

is preferably characterized by the following generai properties:



[0044]A small amount of fine conductive powders or fibers such as ceramics, diamond or other
carbon-based materials can also be added to enhance the silver particle to particle thermal interface,
thereby increasing the thermal conductivity of the cured adhesive. [0045]Plasticizers and tackifiers can
also be added to the thermal adhesive. EXAMPLES 1-7 [0046]This invention is now illustrated by
certain representative embodiments listed in Table | below. The examples are intended to be
illustrative only, and modifications and equivalents of the invention will be evident to those skilled in the
art. Examples 1-7 listdyl inchatgladtinedwittythealiesiaticeapo doessindtinvisromieopattsof/dhe fumed
silica and ethyl cellulose, the latter two being theological additives. The thermally conductive
adhesives of exaosglinkadenpexy sirelemed by adding the resin to the solvent, then adding the silver
powder filler and then mixing. Test samples using the thermally conductive adhesives were prepared
by using the thermally2¢ BFRGERRY it Easla ifsoitRIR O e PRGN 2 (11.6 pUcm2) to bond a 0.250

in. (6.35 mm) silicon die to an alumina substrate, dr inggthe samples at 110C for 60 minutes followed

by current the sample®/ 15bBEeRINg rfiinaSLokily FANERI W SPMERUTESE A S force
adhesion testinig.JgOA?%

for th ivity, th iffusivi I i 5" .
) in lametes SRAE TR R HEP At e 8 Bt B B R8RS % o e
at 90C for 105 minuteﬁa%gggggaglgggp B?Eé&%in‘i'.@? ;hgm&mqﬁé@dé}pcﬁf@qﬂé@TM E1461

was used for thermal conductivity testing via laser flash.” TABLE I Silvers/Examples
extracted from the matrix with elevated temperatures within a practical time.

(Solvents with vapor pressure in the range of 0.01-0.02 mmHg @ 20°C have

been used with success)

[0031] Within these parameters, a wide variety of solvents can be used,
including, for example, alcohols, ethers, esters and ketones. Non-soluble
solvents tend to separate, increase the viscosity, and yield a poorly cured
structure with the liquid epoxy resin based adhesives. The specific degree of
solubility is not critical, although the less soluble solvents tend to dry or extract
from the system more easily with heat. If the vapor pressure of the solvent is
too high, the solvent tends to evaporate from the adhesive paste during
preparation and storage at room temperature and hence increase the
viscosity and degrade dispensing properties. If the vapor pressure is too low,
the time required to extract or dry the solvent out of the resin matrix is
impractically long. When the adhesive is under a large die, the rate of drying

is further impeded, making the choice of solvent more critical.
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123456 7 comparative example 1 Wt.% silver A (55-7.1 g/cmf; 0.05-0.15 m2/g) 65 40 35

[0032] For embodiments using a thermoplastic binder the solvent
should be chosen such that the thermoplastic binder is insoluble in the

solvent.

[0033] The specific solvent should be selected so that most of the
solvent, and preferably greater than 90%, is extracted from the adhesive
matrix before any significant crosslinking occurs. If the solvent extraction is
not sufficient, the crosslinking can entrap the sclvent in the matrix, causing
| voids in the bondline and poor adhesion. Preferably, the componen;s are
selected to limit crosslinking of the resin during initial drying to less than about
15% such that most of the solvent is evolved. Solvents found to be
particularly satisfactory in the present invention are terpene or ester alcohols.
According to certain embodiments the solvent has a vapor pressure
sufficiently high to allow greater than about 75% of the solvent to evolve
during a 100°C. prebake for 1 hour from under a die size of 0.400 inch per

side.

[0034] The use of a solvent is preferred because the solvent can
reduce the viscosity of the adhesive paste, permitting a higher loading of filler.
Higher filler loading can be desirable because the resulting cured adhesive
product can exhibit lower electrical resistivity and higher thermal conductivity.
According to certain embodiments, the solvent is present in amount ranging
from 4%, up to 7% by weight. However, useful formulations may also be
prepared as solvent-free adhesive compositions.

FILLER
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40 WL% silver 61(3.2-4.2 9/cm3; 0.85-1.35 m243) 70 60 W1t% silver 62(4.6-6.0 Wont, 0.70-1.90
m'/g) 35

[0035] The filler includes a mixture of at least two different powders.
Although the chemical make up of the two different powders can and in the
preferred embodiment are 'substantially the same (i.e., silver), the two
powders differ in physical properties. The filler includes a first powder that
has a tap density between 4.7 and 8.2 g/cm?® and a surface area to mass ratio
between 0.04 and 0.17 m?g and a second silver powder that has a tap
density between‘_3.2 and 6.9 g/cm® and a surface area to mass ratio of
between 0.59 and 2.19 m%g. Acbording to certain embodiments of the
invention, a ratio of the surface area per unit mass of the second powder
divided by the surface area per unit mass of the first powder is at least four.
The first powder and the second powder are preferably silver. Alternatively,
one or both powders are selected from the group consisting of gold, nickel,
copper, aluminum, zinc, tin, palladium and platinum. Generally, low surface
area to mass ratios can be achieved by using powders made up of particles
that having aspect ratios close to 1:1. However, according to embodiments of
the present invention the second powder which as the lower surface area to
mass ratio includes oblong paricles. Generally speaking, oblong shaped
silvers and/or a combination of flakes and oblong shaped silvers provide the
highest volume loading of the filler in the paste. A combination of two powders
having well separated average particle sizes, one large and one small, have
been found to be particularly satisfactory. Stated another way a filler powder
with a multimedal (e.g., bimodal) particle size (and surface area per unit
mass) distribution has been found to be particularly satisfactory. According to

certain embodiments the muitimodal (e.g., bimodal} surface area per unit
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50 6570 VA.% silver C (4.5-5.4 g/cm3; 0.70-1.20 ret)

mass distribution has a first peak at a first surface area per unit mass value
and a second peak at a second surface area'per unit mass value and a ratio
of the first surface area per unit mass value divided by the second surface

area per unit mass value is at least four.

[0036] FIG. 1 is an electron micrograph of an example of the above
mentioned first type of silver powder used in embodiments of the invention.
The silver powder shown in FIG. 1 includes obléng particles 102 within the ~

field of view.

[0037] FIG. 2 is an electron micrograph of an example of the abbve
mentioned second type of silver powder that is used in combination with the
silver powder shown in FIG. 1 according to embodiments of the invention.
Note the differences in the scale of FIG. 1 and FIG. 2 indicated by the 10
micron line in each FIG. The average particle size shown in FIG. 2 is
substantially smaller than the average particle size shown in FIG. 1. The
powders shown in FIG. 1 and FIG. 2 would each be largely responsible for
one distribution peak {mode) in the multi-modal particle size distribution of a

mixture of the two powders.

[0038] FIG. 3 is an electron micrograph of a third type of silver powder
that can be used as an altemative to the silver powder shown in FIG. 2 in
combination with the silver powder shown in FIG. 1 according to embodiments

of the invention.

[0039) The particles of the powder shown in FIG. 2 are platy shaped in

contrast to the particles of the powder shown in FIG. 3 which are more
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50 VVL% silver 0 (3.2-5.7 g/cma; 0.30-0.75 m2/9) 50 Silver to binder ratio 95/5 95/5

spherical in shape and have average aspect ratios closer to unity. It is noted
that a combination of the powders shown in FIG. 1 and FIG. 2 in the themmal
adhesives disclosed herein yielded more consistent mechanical bonds than a
combination of the powders shown in FIG. 1 and FIG. 3.

ADDITIVES

[0040] Various additives can be combined with the pastes of the
present invention to enhance certain properties of the adhesive such as

meodulus of elasticity, resin bleed, and thermal conductivity.

[0041] in attaching larger area silicon dies to a substrate, the interfacial
shear stresses developed at the bondline interfaces can become severe if
there is a large mismatch between the coefficients of expansion of the die and
substrate. The shear stress developed is not only a function of the thermal
expansion mismatch of the adjoining parts, but also of the modulus of
elasticity of bondline material, i.e., the die attach material. Thus, it is very
desirable to design the cured die attach material with a low modulus
(resiliency) to absorb the stress created by the typical expansion mismatches
of the die and the substrate. One way to accomplish this is to add small
amounts of lower modulus elastomers, rubbers, silicone, thermoplastics, or

the like in fine particle or liquid form.

[0042] Thermoplastics, in general, are much lower in modulus than
thermosetting resins. The advantage of using thermoplastic powder is that it
also contributes to the bonding by melting and forming an interpenetrating

network (IPN) within the epoxy resin matrix.

14



95/5 95/5 95/5 9515 95/5 93/7 Electrical resistivity (00cm) 6.55.95.05.45.45.17.8

[0043] ~ Undesirable epoxy resin bleed on the edge of a deposit has
sometimes been a funcfional problem with p-rior art. By the use of very high
surface area, fine particles, this resin bleed was curtailed. In the present
invention, very high surface area silver and silica can be used in small
amounts to alleviate this problem. Too much of the very high surface area
additive would increase the viscosity excessively or could adversely impact
post cure properties such as conductivity and adhesion. An appropriate
amount is in the range of 0.1% to 1.0% In addition, small amounts of viscosity
modifiers (thickening agents), such as ethy! cellulose, can be incorporated in
the composition to reduce edge bleeding. Typically, about from 0.5 to 1% by

volume can be used effectively.

[0044] A small amount of fine conductive powders or fibers such as
ceramics, diamond or other carbon-based materials can also be addéd to
enhance the silver particle to particle thermal interface, thereby increasing the

thermal conductivity of the cured adhesive.

[0045] Plasticizers and tackifiers can also be added to the thermal
adhesive.

EXAMPLES 1-7

[0046] This invention is now illustrated by certain representative
embodiments listed in Table | below. The examples are intended to be
illustrative only, and modifications and equivalgnts of the invention will be
evident to those skilled in the art. Examples 1-7 listed in Table | had a

Cycloaliphatic epoxy resin binder, alcohol solvent, fumed silica and ethyl
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6.9 Thermal conductivity (VVhnK) 71.6 88.1 97.0 94.7 94.5 72.4 74.3 55.4 % porosity 15.0 17.0 18.5

cellulose, the latter two being rheological additives. The thermally conductive
adhesives of examples 1-7 were prepared by adding the resin to the solvent,
then adding the silver powder filler and then mixing. Test samples using the
thermally conductive adhesives were prepared by using the thermally
conductive adhesive in an amount of 75 pLfin.2 (11.6 pL/em?) to bond a 0.250
in. (6.35 mm) silicon die to an alumina substrate, drying the samples at
110°C for 60 minutes followed by current the samples at 200°C_f0r 30

minutes. Samples thus prepared were used for shear force adhesion testing.

[0047] To test for thermal conductivity, thermal diffusivity pellets
measuring 0.5" (12.7 mm) in diameter and 0.125" (3.175 mm) thick were
molded in a Teﬂoﬁ mold. These pellets were dried at 80°C for 105 minutes
and cured at 200°C for 60 minutes. The test method specified by ASTM

E1461 was used for thermal conductivity testing via laser flash.
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20.1 19.7 25.3 21.5 27.5 Shear adhesion of 0.25 silicon die to alumina (psi) 2295 2659 3082 2685
1826 2036 2914 2760

TABLE |
Silvers/fExamples 1 2 3 4 5 6 7 comparative
example 1
Wt.% silver A (5.5-7.1 gicm?; D.050.15 | 65 | 50 40 35 |30 30 |40
mg)
WL% silver BY (3.2°4.2 g/cm”, 0.85-1.35 70 |80 o
m¥q)
Wt.% silver B2 (4.6-6.0 g/om=, 0.70-1.90 | 35 | 50 60 85 | 70
mg) ' '
W% siiver C (4.55.4 g/an®, 0.70-1.20 50
m/g) '
W% silver D {(3.2-5.7 giam®; 0.30-0.75 50
m4g)
Silver to binder ratio 95/5 | 95/5 | 95/5 95/5 | 95/5 95/5 | 95/5 | 9317
Electrical resiglivity (pQcm) 65 |59 |50 54 ) 54 51 |78 |69
Thermal conductivity (W/mK) 716 | 881 | 97.0 | 947 | 945 724 | 743 | 554
% porosity 150 | 17.0 | 185 [ 201 | 19.7 253 | 215 | 275
Shear adhesion of 0.25% silicon die to | 2295 | 2650 | 30B2 | 2685 | 1826 2036 | 2914 | 2760
alumina (psi)
Fallure Mode (% cohesive) 55 10 80 80 100* 95 100 | &0 -

* Plus die fracture

[0048] Table | above depicts that a blend of fine and coarse thermal
filler can afford high thermal conductivity adhesives with optimum packing or
relatively low porosity. In Table | 'Silver A’ refers to the silver powder shown
in FIG. 1, ‘Silver B1’ refers to the silver powder shown in FiG. 2 and ‘Silver B2’
refers to the silver powder shown in FIG. 3. As shown in the table all of the
examples had in excess of 94% silver, in particular 95% silver. In the
examples silver A is at least 30% of the total weight of silver A and silver B

combined. As shown in the table the thermal conductivity of examples of the
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Failure Mode (% cohesive) 55 10 80 80 100 95 100 50 " Plus die fracture [0048]Table | above depicts
that a blend of fine and coarse thermal filler can afford high thermal conductivity adhesives with
optimum packing or relatively low porosity. In Table | 'Silver A' refers to the silver powder shown in
FIG. 1, 'Silver B1' refers to the silver powder shown in FIG. 2 and 'Silver B2' refers to the silver powder
shown in FIG. 3. As shown in the table all of the examples had in excess of 94% silver, in particular
95% silver. In the examples silver A is at least 30% of the total weight of silver A and silver B
combined. As dR¥RRAYO tIbexR e ithecalamnsl dofhdaeffarnet esignifranty thettatchash bwn in

columns 1-7 performed S|gn|f|cantly better than the comparatlve example.
comparative examplé.

[0049] FIG. 4 is a sectional elevation view of a manufactured article
400. The article 400 includes a first part 402 adhered to a second part 404
using an amount of an adhesive 406 formulated according to the teachings of
the invention. The first part 402 can for example comprise an active
electronic or optoelectronic device, and the second part 404 can for example
comprise a substrate such as an alumina, copper or a printed circuit board for
example. The adhesive 406 provides for good heat transfer from the first part
402 to the second part 404 and thereby effectively allows the temperature rise
of the first part 402 to be limited. Many electronic and optoelectronic devices

require or benefit from operation at relatively lower temperatures.

[0050] In the foregoing specification, specific embodiments of the
present invention have been described. However, one of ordinary skill in the
art appreciates that various modifications and changes can be made without
departing from the scope of the present invention as set forth in the claims
below. Accordingly, the specification and figures are to be regarded in an
illustrative rather than a restrictive sense, and all such modifications are
intended to be included within the scope of present invention. The benefits,
advantages, solutions to problems, and any element(s) that may cause any
benefit, advantage, or solution to occur or become more pronounced are not
to be construed as a critical, required, or essential features or elements of any

or all the claims. The invention is defined solely by the appended claims
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[0049]FIG. 4 is a sectional elevation view of a manufactured article 400. The article 400 includes a first
part 402 adhered to a second part 404 using an amount of an adhesive 406 formulated according to
the teachings of the invention. The first part 402 can for example comprise an active electronic or
optoelectronic device, and the second part 404 can for example comprise a substrate such as an
alumina, copper or a printed circuit board for example. The adhesive 406 provides for good heat
transfer from the first part 402 to the second part 404 and thereby effectively allows the temperature
rise of the first renitid0Q @nlyeainmeinenénis nalde wonitgating eetddacy wfithikarplicadigni@ndr benefit
from operation at relatively lower temperatures. [0050]In the foregoing specification, specific
embodiments dltgayvaientsialtassndrils Bsdasiescribed. However, one of ordinary skill'in the art
appreciates that various modifications and changes can be made without departing from the scope of
the present invention as set forth in the claims below. Accordingly, the specification and figures are to
be regarded in an illustrative rather than a restrictive sense, and all such modifications are intended to
be included within the scope of present invention. The benefits, advantages, solutions to problems,
and any element(s) that may cause any benefit, advantage, or solution to occur or become more
pronounced are not to be construed as a critical, required, or essential features or elements of any or
all the claims. The invention is defined solely by the appended claims including any amendments
made during the pendency of this application and all equivalents of those claims as issued. CLAIMS
We claim: 1. A thermal adhesive comprising: a binder; a first metal powder having a first surface
area to mass ratio between 0.05 and 0.15 m2/g; and a second metal powder having a second
surface area to mass ratio between 0.59 and 2.19 m2/g. 2. The thermal adhesive according to claim 1
wherein a quotient of said second surface area to mass ratio divided by said first surface area to mass
ratio is at least 4.0.
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3. A thermal adhesive comprising: a binder; a first metal powder having a first surface area to mass
ratio between 0.04 and 0.17 m2/g, wherein said first metal powder comprises oblong particles; and a
second metal powder having a second surface area to mass ratio between 0.59 and 2.19 m2/g. 4. The
thermal adhesive according to claim 3 wherein said first metal powder is silver and said second metal
powder is silver. 5. The thermal adhesive according to claim 3 wherein said first metal powder has a tap
density between 4.7 and 8.2 g/cm3. 6. The thermaCad¥Sve according to claim 5 wherein said second
metal powder has a tap density between 3.2 and 6.9 g/cm3. 7. The thermal adhesive according to claim
4 wherein said fir\ﬁ m?tal powder is at least 30% of a total weight of said first metal powder and said
second metal powcfe(r:.a@'l'he thermal adhesive according to claim 4 further comprising a solvent. 9. The
thermal adhesive according to claim 8 wherein said binder consists essentially of a thermoplastic
polymer. 10. The thermairdhrsivenaera disidasiim 8 wherein the solvent is selected from the group
consisting of terpene and ester alcohols. 11. The thermal adhesive according to claim 8 wherein said
binder is less than 10%alyindeight of said thermal adhesive; and said solvent is less than 7% by weight of
said thermal adhesive.

a first metal powder having a first surface area to mass ratio between 0.05

and 0.15 m?g; and
a second metal powder having a second surface area to mass ratio

between 0.59 and 2.19 m?/g.

2. The thermal adhesive according to claim 1 wherein a quotient of said

second surface area to mass ratio divided by said first surface area to mass ratio

is at least 4.0.
3. A thermal adhesive comprising:
a binder;

a first metal powder having a first surface area to mass ratio between 0.04
and 0.17 m?/g, wherein said first metal powder comprises oblong particles; and
a second metal powder having a second surface area to mass ratio

between 0.59 and 2.19 m?/g.

4. The thermal adhesive according to claim 3 wherein said first metal

powder is silver and said second metal powder is silver.

20



12. The thermal adhesive according to claim 11 wherein said solvent is at least 4% by weight of said
thermal adhesive. 21 13. The thermal adhesive according to claim 11 wherein the solvent has a vapor
pressure sufficiently high to allow greater than 75% of the solvent to evolve during a IOOt prebake for 1
hour under a die size of 0.400 inch per side. 14. The thermal adhesive according to claim 1 wherein said
binder is a thermoset liquid material. 15. The thermal adhesive according to claim 14 wherein said
thermoset liquid MateridlnéopmRdhsreagtriane e taishwheerraif drsianai@hesive according to
claim 15 wherein said thermoset liquid material further comprises a curing catalyst. 17. The thermal

adhesive accordifg8%157h 2 ERreantuRPHEEBAsORRAE- 28/ BMhermal adhesive comprising: a binder; a

first metal powder having a first surface area to mass ratio; and a second metal powder having a second
surface area to mass ratio wherein a quotient of said first surface area to mass ratio divided by said

second surface agea to FRRSRAAHS S MdGRS 4 br i AdREINAS B RN AdNEEBRl ARlgFIve comrising:

providing a binder;
powder has a tap density between 3.2 and 6.9 g/cm?.

7. The thermal adhesive according to claim 4 wherein said first metal
powder is at least 30% of a total weight of said first metal powder and said

second metal powder.
8. The thermal adhesive according to claim 4 further comprising a solvent.

9. The thermal adhesive according to claim 8 wherein said binder consists

essentially of a thermoplastic polymer.

10.  The thermal adhesive according to claim 8 wherein the solvent is selected

from the group consisting of terpene and ester alcohols.

11.  The thermal adhesive according to claim 8 wherein said binder is less
than 10% by weight of said thermal adhesive; and

said solvent is less than 7% by weight of said thermal adhesive.

12.  The thermal adhesive according to claim 11 wherein said solvent is at

least 4% by weight of said thermal adhesive.
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providing a first metal powder having a first surface area to mass ratio between 0.05 and 0.15 m2/g;
providing a second metal powder having a second surface area to mass ratio between 0.59 and 2.19
m2/g; and combining said binder, said first metal powder and said second metal powder. 20. The
method according to claim 19 further comprising: providing a solvent; and combining said binder and said
solvent. 21. An apparatus comprising: a first part; a second part; a thermally conductive adhesive
bonding said firstlgart td kaidesarfpesiurirsrarifgdasamalll whatrieile selMeriimeludes: a binder;
a first metal powder having a first surface area to mass ratio between 0.05 and 0.15 m2/g; and a

second metal poXRRA IREGHRYE SEEIRNEIUMALIS Rl FrRis T Hate &l ihe 581 819 m2/g.

evolve during a 100°C prebake for 1 hour under a die size of 0.400 inch per side.

14.  The thermal adhesive according to claim 1 wherein said binder is a

thermoset liquid material.

15.  The thermal adhesive according to claim 14 wherein said thermoset liquid

material comprises a cycloaliphatic epoxy resin.

16.  The thermal adhesive according to claim 15 wherein said thermoset liquid

material further comprises a curing catalyst.

17.  The thermal adhesive according to claim 1 substantially free of solvent

18. A thermal adhesive comprising:
a binder;
a first metal powder having a first surface area to mass ratio; and
a second metal powder having a second surface area to mass ratio
wherein a quotient of said first surface area to mass ratio divided by said

second surface area to mass ratio is at least 4.0.

19. A method a making a thermal adhesive comprising:

providing a binder;
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providing a first metal powder having a first surface area to mass ratio
between 0.05 and 0.15 m?/g;

providing a second metal powder having a second surface area to mass
ratio between 0.59 and 2.19 m?g; and

combining said binder, said first metal powder and said second metal

powder.

20. The method according to claim 19 further comprising:
providing a solvent; and

combining said binder and said solvent.

21.  An apparatus comprising:
a first part;
a second part;
a thermally conductive adhesive bonding said first part to said second part
wherein said thermally conductive adhesive includes:
a binder;
a first metal powder having a first surface area to mass ratio
between 0.05 and 0.15 m?%g; and
a second metal powder having a second surface area to mass ratio

between 0.59 and 2.19 m?/g.

23



