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Preface

Many books have been written on adhesives, but we believethisisthe
firstthat focusesentirely and comprehensively ontheuseof adhesivesinthe
multi-billion-dollar el ectronicsfield. Therapid advancementsthat havebeen
madeduring the past two decadesin microel ectronic devicesand packaging
have been the driversfor the major changesthat have occurred in adhesive
materials and processes. Polymer adhesives such as epoxies, silicones,
cyanateesters, and polyimideshave, toalargeextent, replaced metal lurgical
and vitreous attachment methods for the very fine pitch, high-density flip-
chip, chip-scale, chip-stack, and ball-grid array packages. Polymer adhe-
sives have advantages over solder because of their lower cost, precision
placement of devices, low-temperature processing, and ability to be re-
worked.

Anunderstanding of theel ectrical, thermal, and environmental require-
ments of the electronic devices and circuitsisimportant for materials and
process engineers and for chemists in formulating and developing new
adhesivecompositions. Atthesametime, el ectrical designengineersrequire
some understanding of the basic chemistry and properties of adhesivesin
order to select and specify areliable adhesive for a specific application.
Manufacturing engineersrequire knowledge of thevariouscleaning, depo-
sition, curing, and rework processes and equipment. Finally, quality assur-
ance personnel must be familiar with potential failure modes and mecha-
nisms and the reliability aspects of adhesives.

Thisbook bringstogether theentiretechnol ogy of adhesivesfor el ectron-
ics, starting with an Introduction that defines the various devices and
packaging approaches, then progressing to Functionsand Theory; Chemis-
try, Formulation, and Properties; Bonding Applications, Reliability, and
Test and | nspection Methods. In additionto discussionson general applica-
tionssuchasdie,substrate, and lid attachments, specificapplicationssuch
asthose for automotive, medical, space, and military are covered. Special
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treatment hasbeen giventorel atively new devel opmentsincluding anisotro-
pic adhesives, electrically conductive adhesives as replacements for |ead-
bearing solders, and underfill adhesivesfor flip-chip devices and ball-grid
array packages. Mindful of current environment and energy requirements,
weal sodiscussand compareformul ationsand curing methodsthat will meet
theserequirementssuchasUV curing, microwave curing, moisture curing,
and 100% solids adhesives.

The reader will find an abundance of tables listing commercially

available adhesives, adhesive properties, suppliers, equipment, and test
methods that should save considerable time in selecting the most reliable
material and processfor aspecificapplication. Thetablesprovideexamples,
but are not intended to be comprehensive. The reader should consult each
supplier for the latest product list and for the most recent data sheets.
It is our hope that this book will be of value to a broad group of personnel
workinginthefieldof el ectronicsincluding design engineers, materialsand
process engineers, chemists, quality assurance and reliability personnel,
manufacturing engineers, and marketers.

Note: Throughout the book we have vacill ated between the metric and
English systems, especially for dimensions. At first, we wished to be
consistent, but this was not practical because of the wide variation in
dimensions from small-pitch devicesto large circuit boards. Thus, milsor
micrometersareused for thesmall est dimensionswhileinchesor millimeters
are used for the large dimensions. For convenience, conversion tables are
providedinthe Appendix.

June 2005 James J. Licari
Whittier, California

DaeW. Swanson
YorbaLinda, California
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1 Introduction

Adhesives are extensively used and are vital in the assembly and
packaging of electronic devices, especially inthe current proliferation and
mass production of electronic hardware. Adhesivesare used in assembling
semiconductor die, bothinsingle-chip packagesandinmultichipassemblies.
Both bare-chip devices and prepackaged components are attached and
electrically connected with adhesivesto produce el ectronic circuitssuch as
printed-wiringassemblies(PWAS), thin-andthick-filmhybrid microcircuits,
and multichip modules. Adhesives, as pastesor assolid films, are al so used
in fabricating high-density multilayer interconnect substrates, flexible cir-
cuits, flat-panel displays, and ahost of other emerging appli cationsincluding
optoelectronics; high-speed, high-frequency circuits; sensors; and smart
cards. Dueto their low cost, ease of rework, and low processing tempera-
tures, polymer adhesives have replaced many traditional interconnect
materials such as solder, eutectic alloys, and wire, especially for most
commercial and consumer electronics. However, because of the large
number of adhesivesavailableand thevariety of polymer types, forms, and
formulations, a basic understanding of adhesives and their properties is
necessary intheir selectionand applicationto assureperformanceand avoid
subsequent reliability problems. Theprimeobjectiveof thisbookisto provide
this basi c understanding and define guidelinesfor selecting and qualifying
adhesives based on the product and the conditionsthe adhesiveis expected
to meet.

1.1 ADHESIVE TYPES AND DEFINITIONS

Adhesives used in assembling electronic circuits may be classified
based ontheir physical form, polymer type, molecular structure, formulation,
curingmethod, function, or intended application.
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1.1.1 Classification by Form

First, intermsof their physical form, adhesivesmay beeither pastesor
preforms (also known as films or tapes). Pastes are semisolid materials,
easily dispensed through a needle or applied by screen or stencil printing.
Filmadhesivesaresolid sheetsof thermoplasticor partially cured (B-staged)
thermosetting polymersthat can be cut to size and generally used to attach
large-area components, substrates, and lids.

Paste adhesives, in turn, may be single-component or two-component
types. A single-component adhesive is a one-part system in which the
hardener or catalyst islatent, that is, although mixed with theresin portion,
it will not react until a certain cure temperature has been reached. A two-
component system consists of a separate resin portion, referred to as Part
A, and ahardener or catalyst portion, Part B, either of which may contain
filler. Thetwo parts are packaged and stored in separate containers. When
ready for use, thetwo parts are weighed, mixed, deaerated, dispensed, and
cured. Two-part adhesivesmay beconvertedto one-part systemsby quickly
mixing Parts A and B, deaerating, freezing, and then storing the mixture at
temperatures of -40°C or lower. These one-part adhesives, known in the
trade as frozen adhesives, may be purchased from several suppliers in
tubes or syringes of various sizes and amounts. Frozen adhesives are
generally epoxiesand arehighly desirablefrom amanufacturing standpoint
since the electronics assembler obviates the risk of human errorsinherent
intheweighing, mixing, and processing of small batches of adhesive.

1.1.2 Classification by Polymer or Chemical Type

Adhesives are often referred to by their polymer type. The mgjor
polymer typesusedin el ectroni cs packaging areepoxies, silicones, acrylics,
polyurethanes, polyimides, and cyanate esters. Some generic properties
apply to each type but, in generalizing, one must be careful sincethere are
hundreds of formulations of each type on the market, each with minor or
major differencesinproperties. Evenfor aspecificformulation, anadhesive' s
processing conditions, such as its cure schedule, can affect the fina
properties. Chapter 3 providesadiscussion of the major polymer typesand
their properties.

Polymer adhesives may befurther classified as either thermoplastic or
thermosetting, depending on whether their molecular structures after
curingarelinear or crosslinked. Thelinear polymersmay bestraight chains
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or branched chains (Fig. 1.1). Thermoplastic adhesives melt and flow at a
specific temperature or within a narrow temperature range, then quickly
resolidify on cooling. Thermoplastic adhesives are sometimes called hot-
melt adhesivesand areparticul arly advantageousintheir ease of processing
and reworking. Most polyurethanes and polyamides fall in this category.
Althoughthermoplastic polymersarelinear, not all linear polymersbehave
as thermoplastics. Many linear polymers have a high aromatic or
heterocyclic contentintheir structures, thusincreasing their thermal stabili-
ties to a temperature that, instead of melting, char and decompose like
thermosetting polymers. Among these are polyimide pastes. Other thermo-
plastic film adhesives that are fully polymerized, high molecular-weight
resinsbehaveinthesameway; examplesarepolyetheretherketone (PEEK®,
atrademark of Victrex), polyetherimide (UL TEM®, atrademark of General
Electric), fluorinated ethylene propylene (FEP), polysiloxane imide, and
Some epoxies.

Thermosetting adhesives, on the other hand, soften asthe temperature
isincreasedtotheglasstransitiontemperature, but donot melt andresolidify.
Instead, because of their highly cross-linked macrostructures, they decom-

THERMOPLASTIC THERMOSETTING

\/\/\
\/\/\

LINEAR CHAINS

\l/\|/\ CROSS-LINKED MACROMOLECULES

BRANCHED LINEAR Soften and decompose at temp.

) Irreversible
Soften and liquify at melt temp.

Resolidify on cooling Rework difficult, char residues

Easy rework, no clean Long cures (minutes to hours)

Quick setting (seconds to minutes/no cure) Require hardeners/catalysts
High purity, low outgassing High adhesive strength
Poor-to-marginal resistance to solvents, Resistant to solvents, high

b

temperature, and radiation temperatures, and radiation

Figure 1.1. Representations of thermoplastic and thermosetting polymer
structures.
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pose and char on reaching their decomposition temperatures. Epoxies,
cyanate esters, and phenolics are generally thermosetting types.

A unique adhesive type is silver-glass, a paste consisting of a glass
matrix blendedwith silver particles, apolymer binder, and asol vent. Silver-
glassadhesivesarenot polymer types. Although apolymer resinisadded to
the formul ation to give the paste the thixotropic properties needed during
dispensing or screen printing, theresinissubsequently burned off duringfinal
processing. Silver-glass adhesives are processed at much higher tempera-
tures (400°C—-450°C) than either polymer adhesives (75°C-175°C) or
solders (180°C—-300°C). These high temperatures are required to burn-off
the polymer binder, melt the glass, and fuse the glass and oxides.[!

1.1.3 Classification by Formulation

Inmany adhesivesformulations, theresin portionisthesameor similar
and what determinesits propertiesisthe hardener or catalyst that isused to
cure the resin. Thus, depending on the hardener, epoxy adhesives may be
referredto asamine-cured, anhydride-cured, polyamide-cured, or novolac-
cured. Polyurethanes may be polyol-cured or hydroxypolyester-cured.

Formulations may also be either solvent-based or 100% solids. One-
hundred percent solids adhesives contain no solvents and are rapidly
replacing the solvent-based types because of environmental concernsover
volatileorganiccompounds(V OC), government regul ationsrestrictingtheir
use, and reliability concerns.

1.14 Classification by Curing Method

The curing process consists of transforming |ow-to-moderate mol ecu-
lar-weight resins (monomers or oligomers), generaly liquids, into high
molecul ar-weight solid polymers. Most curing mechanismsinvolve poly-
merization requiring a catalyst or hardener and areinitiated by someform
of energy.

Heat-cured adhesives. Heat curing by convection in box ovensisthe
most widely used and simplest method for curing adhesives. Heat isapplied
until atemperatureisreached at which polymerization occursand continues
until the polymerizationiscomplete. Time-temperaturecuring schedulesare
developed for each adhesive for which optimum properties are achieved.
For each of their adhesives, suppliersprovidesevera cureschedulesthat are
considered equivalentrelativetofinal properties. Theuser may alsodevelop
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hisown curing schedul eto achievepropertiesspecificfor hisapplicationand
mai ntai n production flow. Thiscan bedone experimentally by measuringa
desired parameter such as electrical resistivity, dielectric constant, hard-
ness, or bond strength asafunction of curetemperature and time. Optimum
cures may also be determined from the degree of polymerization as
measured by infrared spectroscopy, thermomechanical analysis(TMA), or
differential-scanning calorimetry (DSC).[? The cure times and tempera-
turesrequired arelargely dictated by thehardener or catalyst used. Withthe
rise in mass production of consumer electronics and the need to reduce
energy costs, epoxy adhesives known as snap-cured adhesives have been
developed that cure in less than one minute at temperatures of 160°C—
170°C. Snap-cured adhesives are generally cyanate ester or modified
cyanate esters that form high-temperature-stable triazine structures on
curing.l34

Ultraviolet (UV)/visible-light-cured adhesives. Adhesives that
cureon exposureto UV radiation are al so finding wide use because of their
rapid cures(several seconds) and becausethey generally do not require heat
energy. Their chemistry is such that exposure to UV light in the range of
2,000—4,000angstromsinitiatespolymerizationand effectscuresinlessthan
one minute. However, UV curing must often be followed by a short heat
curetofully polymerizeportionsof theadhesivethat areshadowed from UV
light by other componentsor portionsof thecircuit. Ultraviol et-light—curing
adhesives are generally acrylics or include the acrylic, vinyl, or ethylene
groups as part of the polymer structure. UV-cured adhesives are of
particular interest in positioning and staking precision parts such as glass
fibers in optoelectronic circuits or staking components on one side of a
double-sided printed-wiring board (PWB) while the other side is being
assembled, for example, by solder dispensing, attaching components, and
reflowing solder.[®!

Microwave curing. Variable-frequency microwave (VFM) curing
isyet another rapid curing methodfor adhesives. It differsfrom conventional
microwave in using swept frequencies rather than afixed frequency. The
main advantages of VFM curing are cure times that are two to ten times
faster than conventional heat curing and uniform heating of large sections
because of an even distribution of energy.[6["]

Moisture curing. Moisture-cured adhesives require only ambient
moistureto cure. These adhesives contain functional groupsthat have been
purposely blocked and rendered unreactive until exposed to humidity.
Moisture reacts with the blocked groups releasing the functional (active)
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group, allowingit to polymerize. Moisture-curing adhesivesmay takedays
toattain compl ete curing and may haveto besupplemented withashort heat
cure. Both silicones and polyurethanes are commercially available as one-
part moisture-curing adhesives.

1.15 Classification by Function

Adhesives are often classified according to the function they are to
perform. There are four main functions: mechanical attachment, electrical
connections, thermal dissipation, and stressdissipation.

M echanical attachment. Adhesives that are used to bond dissimilar
material smust produce sufficient shear strengthandtensilepull strengthand
maintain this strength for the life expectancy of the part and under the
environmental conditionsthat the part will encounter. A reductionin bond
strength generally occurson aging at el evated temperaturesand under moist
conditions, but the reduced strength may still be sufficient for the intended
application.

Electrical connection. Adhesives may substitute for wire or solder in
forming electrical connections; for example, in connecting capacitors,
resistors, or semiconductor devicesto aprinted-wiringboard or toathin-film
orthick-filmhybridmicrocircuit. Thebest and most widely used el ectrically
conductiveadhesivesaresilver-filled epoxies. Because of thelargeamount
of silver requiredin el ectrically conductiveadhesives(60%—80% by weight),
they also provideahighlevel of thermal conductivity, allowing components
todissipate heat and operateintheir normal temperaturerange. Electrically
conductive adhesives may be further classified as either isotropic or
anisotropic.

I sotropi c adhesivesconduct current equally inal directionsand arethe
most common and widely used in industry. The anisotropic types, also
referred to as z-direction adhesives or anisotropic-conductive adhe-
sives (ACA), although filled with metal particles, arefilled at much lower
levels (0.5%-5% by volume) than isotropic types (filled 25%—-30% by
volume). Thevolumefractionof filleriswell bel ow the percol ationthreshold
at which theadhesive becomeshighly conductiveinall directions. Because
of the low volume fraction of metal particles, there are no continuous
el ectrically conductivepathsinthex-yplane. During theconnection process,
the anisotropic adhesive, either asafilm or paste, is positioned between a
flip-chip bumped die or a tape-automated bonded (TAB) die and the
corresponding pads of an interconnect substrate. Pressure and heat are
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applied so that the conductive particles contact and form z-direction
connections. The connectionsareheld in place by the surrounding noncon-
ductive cured adhesive. Thelack of continuous particle connectionsin the
lateral direction provideselectrical insulation around the connections (Fig.
1.2). Conductive particles, ranging in size from 5 to 20 um, may be pure
metals such as silver, gold, nickel, or solder, plated-metal cores, or plated
cores of plastic or glass.

Although dating as far back as the 1960s, anisotropic adhesives have
only recently been rediscovered and advanced to a state where they are
being usedin placeof solder tointerconnect fine-pitch, high1/O-count flip-
chip devices, TAB devices, and high-density interconnect substrates.
Anisotropic adhesives are also used to interconnect edge connectors and
flex cableto PWBsandflat-panel displays(FPDs). ACAsarecommercially
availableineither pasteor filmformand aseither thermopl astic or thermoset
types.

Nonconductive or electrically insulative adhesives are used where
€l ectrical shorting may beaproblem or whereel ectrical isolationisrequired.
Nonconductive adhesivesare available in either paste or filmform and are
generally filledwithsilicaor aluminato provideoptimumflow propertiesfor
dispensing andtoimprovetheir thermal conductivities.

Thermal dissipation. Thermally conductive adhesives may be filled
with metal, ceramic, or inorganic particles. Silver-filled epoxies have high
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Figure 1.2. Representation of anisotropic conduction.
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thermal conductivities, but may not beused wherethereisarisk of electrical
shorting. In such cases, epoxies or other polymers filled with electrically
resistive, but thermally conductivematerial ssuch asaluminumnitride, boron
nitride, alumina, or berylliamust be used. Some applicationsfor thermally
conductiveadhesivesincludeattachment of power devices, heat sinks, large
components such as capacitors and transformers, large ceramic substrates,
and edge connectors.

Stress dissipation. Adhesives that reduce and dissipate stresses
consist of low-modulus elastomeric types. Low-stress adhesives are re-
quired in attaching large die, large substrates, and flex circuitry. Low-
modulus elastomeric adhesives are also used to attach and fillet large
components to dampen vibration and shock.

1.1.6 Classification by Intended Use

Adhesives may also be designated according to the el ectronic applica-
tionfor whichthey areintended and formulated. Some of theseapplications
are discussed below.

Die attachment. Adhesives that are used to attach bare die*
(unpackaged semiconductors such as transistors, diodes, and integrated
circuits) or chip* devices (unpackaged capacitors, resistors) into asingle
package or onto an interconnect substrate are referred to as die-attach or
chip-attach adhesives. They may be either electrically conductive, used
where ohmic contacts are required as in connecting capacitors, resistors,
andtransistors, or electrically insulative, usedinattaching | Cs, stacked chips,
connectors, heat sinks, and substrates. Die-attach adhesives are widely
used to attach semiconductor die (chips) onto leadframes (COL : chip-on-
lead) or leadframesonto die (L OC: lead-on-chip) prior to plasticmolding or
hermetic sealing in ceramic or metal packages (Fig. 1.3). Die-attach
adhesivesareal sousedintheassembly of hybrid microcircuitsand multichip
modules.

Baredieand other chip devicesareattached with e ectrically conductiveor
nonconductive adhesives to ceramic substrates having defined circuit
patternsproduced by thin-filmvapor deposition and photoetching of metals
or by screen printing andfiring of thick-film pastes.[® With recent advance-
mentsin fine-line printed-circuit boards, adhesives are also finding usein
attaching bare dieto PWBSs, atechnology known as chip-on-board (COB).

* The words die and chip are often used interchangeably, although chip is abroader term
that includes bare semiconductor die, but also chip capacitors and resistors.
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Figure 1.3. Single chip, adhesive-attached and wire-bonded to leadframe.
(Photograph courtesy of Analog Devices.)

Substrate attachment. In assembling hybrid or multichip modules,
ceramic interconnect substrates fabricated using thin-film or thick-film
processes are attached to the inside base of a ceramic or metal package.
Generaly, film adhesivesthat have been cut to sizeare used to attach large
substrates (greater than one-inch square) while either paste or film adhe-
sives may be used for smaller substrates. Substrates may be alumina,
beryllia, aluminumnitride, or silicon.

Lid attachment. Adhesivesinboth pasteand filmform have been used
to attach and seal ceramic or metal lidsto cavity packagesthat may also be
ceramic or metal. These packages cannot be considered hermetic in the
sense that seam-sealed, welded, or soldered lids are, but they are adequate
for most commercial and consumer el ectronics where extreme moisture-
temperature environments are not encountered. Packages sealed with
epoxy adhesive have been reported to withstand 100 hours of 95% relative
humidity.[

Surface mounting. Surface mounting of components onto PWBs is
commonly referred to in the industry as SMT or surface-mount technol-
ogy. It consists of the attachment of electronic components by automated
dispensing or screen printing of solder paste and adhesive onto a PWB,
placement of the components, then curing the adhesive and reflowing the
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solder to form the electrical connections (Fig. 1.4). For SMT, the compo-
nentsaregenerally prepackaged asopposedto baredieand havepins, leads,
or terminals that are solderable or can be connected using electrically
conductiveadhesives. Adhesiveshavebeen devel oped that will cureduring
the same operationinwhichthesolder isreflowed, thusavoiding aseparate
cure step and accel erating production. Solder may also bereplaced with an
electrically conductiveepoxy. I nsulativeadhesivesmay beusedtoreinforce
large capacitors, inductors, or transformers.

Surface-mount technology replaces previous methods of inserting
component leadsinto plated-through holes of PWBs, wave soldering from
theback sidetoflow solder into the hol es, and simultaneously forming both
mechanical and electrical connections.'® SMT is highly automated and
currently the most widely used production process for the assembly of
single-layer, double-sided, and multilayer circuit boards.

Underfill for flip-chip-attached devices. With the availability and
increased use of flip-chip devices, a need has arisen to reinforce the
connections and dissi pate stresses resulting from mismatchesin expansion
coefficients among the solder, the substrate, and the device. Thisneed has
been met by underfilling the space between the solder connections with
specially formul ated underfill adhesives (Fig. 1.5). Underfill adhesivesare
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Figure 1.4. Printed-wiring assembly (4 x 8 in.) with surface-mounted components.
(Photograph courtesy of the Boeing Company.)
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Figure 1.5. Cross-section of flip-chip-attached die showing underfill.

electrically insulative epoxiesor modified epoxiesformul ated to have good
wetting properties and rapid flow and, once cured, to have low moisture
absorption and stress-dissipating properties.

Underfill for ball-grid-array (BGA) packages. After attaching the
BGA packages to a PWB and reflowing the solder, an underfill adhesive
similar to that used for flip chips may be dispensed and allowed to fill the
spaces between the solder balls, thus reinforcing the connections and
relieving stressin the entire structure.

Solder replacements. Because of thetoxic nature of lead inlead-alloy
soldersand heal th concernsfrom being exposed to hot solder fumesduring
circuit board assembly, interest has devel oped in replacing | ead-containing
solderswith no-lead solders. Sincemost of the no-lead soldersevaluated to
date require higher reflow temperatures than the currently used tin-lead
solder, aconcurrent effort hasbeentheinvestigation of el ectrically conduc-
tiveadhesivesassolder replacements. Thefeasibility of formingsilver-filled
epoxy bumps on the die at the wafer stage has been demonstrated for flip-
chip devices, and adhesive formulations have been made commercially
available

Particlegetters. A minor, butin somecases, essential useof adhesives
is to getter particles entrapped in a sealed microcircuit package. Some
microcircuitshave beenfound difficult to cleanand toremoveall metal and
nonmetallic particlesfromtheir assembly prior to hermetic sealing. Others,
even after cleaning and sealing, have been found to slough off particles
during vibration. Inthese situations, asoft, tacky adhesive may be attached
totheinsideof thelid prior to sealing. Particlegettersareprimarily silicones.
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1.2 SUMMARY OF PACKAGING
TECHNOLOGIES

A brief description of the main electronic packaging technologies is
provided to assist thereader in understanding how and where adhesivesare
being used. The large number of packaging approaches and variations for
each approach precludes athorough discussion here. The literature, how-
ever, isrepletewith hundredsof technical articlesand several booksfor each
approach_[s][lz]—[lg]

1.2.1 Single-Chip Packaging

After mechanical attachment to asubstrate, aleadframe, or totheinside
of apackage, bare die or chip devices are electrically connected by one of
fivemethods: wire bonding, flip-chip bonding, TAB, solder attachment, or
attachment with electrically conductive adhesives. Figure 1.6 shows some
of these methods.

Wirebondingisstill theforemost method used. Aluminumor goldwire,
generally 1-mil diameter, isused for most applications. High current power
circuitsrequirethicker wireupto 10-mil diameter. Die can bewire bonded
at high speed with automati c thermocompressi on, thermosonic, or ultrasonic
equipment.

In flip-chip bonding, the normal wire-bond padsat the perimeter of the
diearereplaced by solder or metal bumps. Solder bumpsmay al sobeformed
throughout thediearea(areaarrays) toachieveupto 1,0001/Osper die. The
bumped die are flipped face down to mate with corresponding solder pads
formed on the interconnect substrate that may be a PWB, athin- or thick-
film ceramic substrate, a chip carrier, or a ball-grid array package. The
solder isthen reflowed to form the z-axis electrical connections. Flip-chip
bonding has major advantages over wire bonding in the large number of
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Figure 1.6. Cross-sections of basic die-bonding and chip-connection methods.
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connections that can be made per unit areaand their short electrical paths,
important for high-speed, high-frequency circuits. Variations of flip-chip
designsincludeflip-chip-on-board (FCOB), fli p-chip-on-flex (FCOF), and
flip-chip-in-package (FCIP).

I n tape-automated bonding (TAB), the semiconductor die, fabricated
with bumpedinterconnect pads, arepositionedinaperturesof apolymer-film
tape, generally polyimide(K apton®, aregisteredtrademark of DuPont), then
gang-bonded to cantilevered beams that are formed by photodelineated
metal pads on the tape. The tape (film) has sprocket holes along its sides
similar tomoviefilm and, likemoviefilm, ishandled on reelsin automatic
equipment for high-speed assembly.[*5]

Oncethedieare attached and electrically connected, alarge variety of
packages and packaging approaches is available ranging from low-cost
transfer-molded plastic or plastic-encapsul ated devicesto devicesthat are
hermetically sealedinmetal or ceramic packages. Initially, transistorswere
welded shut in small metal cans of various sizes referred to as transistor
outline(TO) cans. Withtheintroduction of | Cs, followed by theprogressive
increase in functionality to large-scale integration (LSl) and very-large-
scaleintegration (VL SI), increasing numbersof 1/0O connections(upto 1,000
per device) werereguired. To meet these needs, new cavity and non-cavity
(plastic and ceramic) packages have been designed and built that have a
higher number of leads of smaller pitch. These packages can be used for
bothinsertionmounting and surfacemounting. Among packagesintroduced
were the dual-in-line packages (DIP), quad-flat packs (QFP), pin-grid
arrays (PGA), and chip-scale packages (CSP) and, aong with them,
numerous variations and a host of hew abbreviations and acronyms.

Dual-in-line package (DIP). The dual-in-line package is a very
popular rectangul ar package in which the leads emanate from two parallel
sides of the package (Fig. 1.7). DIPs may be constructed of molded plastic
[plastic dual in-line package (PDIP)], primarily epoxy, or of ceramic
[ceramic dua-in-line package (CERDIP)] and may have 8 to 64 leadswith
a pitch of 2.54 mm (100 mils). In one process, the die is attached with
adhesive or eutectic solder to a leadframe, wire bonded, then transfer
molded with plastic. The leads are formed (bent vertically), solder coated
andthenareready for insertionin plated through-holesof aPCB. CERDIPs
consi st of apreformed ceramic body with oneor two cavitiescontainingthe
bonding pads to which the IC chips are bonded. The leads are brazed to
connecting pads at the side edges.
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Quad-flat packs (QFPs). Quad-flat packs may be metal or ceramic
cavity types or plastic-molded packages where the leads emanate from all
four sides (Fig. 1.8). Packages may be of various sizeswith lead pitchesas
low as 12 mils and up to 370 leads. QFPs may be used to package either
single chips or multiple chipsin one package. The leads of QFPs may be
formed in the shape of “gull wings’ so that the packages can be surface
mounted onto an interconnect substrate.

Area-array devices and packages. ICs, chip carriers, and packages
may have their 1/0O connections formed throughout the surface area (area
arrays) as opposed to peripheral 1/0Osaswithwire bond padson dieor axial
leadson packages. Areaarraysincludeflip-chip, BGA, and pin-grid arrays.
Area-array devices provide very high /O counts per surface area, which
are necessary for increased functionality.

Figure 1.7. Examples of dual-in-line packages (DIP).

Figure 1.8. Diagram of a quad-flat pack (QFP) showing “gull-wing” leads for
surface mounting.
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Flip-chip devices. Flip-chip devices have solder bumps, other metal
bumps, or even conductive adhesive bumps on the face of the devicefor I/
O connections. During assembly, the devices are flipped face down, then
mated and bonded to corresponding solder or metal pads on the package or
interconnect substrate. Inthequest to eliminatetin-lead solders, el ectrically
conductive epoxy adhesives are beginning to be used for the bumps.

Ball-grid array (BGA). Ball-grid arrays are analogous to flip-chip
devicesexcept that the solder ballsareformed or attached at the next level:
the packageor the chip carrier (Fig. 1.9).1*% Thus, onecan haveflip-chip or
wire-bonded devices or combinations in a BGA package. BGAs were
developed because other packaging approaches such as the QFP had
reached their limitinthe number of I/Osthat were practical and producible.
Reducing the lead pitch for QFPs had increased the number of leads but,
sincetheleadswereat the periphery, such packagesbecamequitelargeand
risked damage to the closely spaced |eads. With bumps spread throughout
theareaof aBGA package, eventhoughthel/O pitchisgreater, theoverall
sizeissmaller and upto 1,000 I/O bumpsare possible. Figure 1.10 showsa
flip-flip configuration where flip-chip die are attached and connected to a
BGA interconnect substrate.

Pin-gridarray (PGA). PGA packages contain vertical solder-plated or
gold-plated Kovar® (a registered tradename of Carpenter Technology
Corp.) leads on the bottom of a ceramic or plastic package (Fig. 1.11).
Several rowsof pinsmay emanatefromthebottom perimeter of thepackage
or theremay beafull array of pinsthroughout thearea. PGA packageshave
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Figure 1.9. Ball-grid-array package. (Source: Amkor.)
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Figure 1.11. Pin-grid array: (a) construction, (b) examples.
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alead pitch of 100 milsand are designed for insertion mounting in PWBs.
Figure 1.12 shows the construction of a ceramic PGA package (CPGA)
whose base is a Cu-W slug that provides high heat conduction and heat
dissipationfromthedevice.[?"]

Chip-scale packages (CSP). Bare die such asintegrated circuits may
be assembled in plastic or ceramic carriers, called chip-scale packages,
whose dimensionsare slightly larger than the chip. CSPs are often defined
as packagesthat are no larger than 1.5 times the area of the die or no more
than 1.2timesthewidth or length of thedie.[?4[22 |f thecarrierisaBGA type,
anaternatedefinitionisthat the solder-ball pitch belessthan 1 mm.!2% The
pitch of interconnects varies by I/O count. Parts having fewer than 100 I/
Os have pitches of 1 mm, decreasing to 0.5 mm as the number of 1/0s
increases to 500.124

Chip-scale packages have many advantages over bare chip attach-
ments especialy in their ease of handling, ability to be burned-in and
electrically tested, and compatibility with automated soldering and epoxy
attachment equipment. Chip-scale packages also have advantages over
QFP and PGA packages in the higher levels of silicon density that are
obtained. While the silicon density (ratio of silicon-to-package area) of a
QFPis10%to 60%,?® that for asingle chipinaCSPmay beashigh as60%
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Figure 1.12. Silicon die, epoxy attached and wire bonded in a CPGA package.[2!



18 ADHESIVES TECHNOLOGY FOR ELECTRONIC APPLICATIONS

t0 100%.126! CSPsmay bebumped or flip-chip connectionsor wirebonded.
Adhesives are used to attach the chip to the carrier and the carriersto an
interconnect substrate. In the past decade, there has been aproliferation of
designs and configurations for CSPs, and they have become the preferred
method of packaging | Cshavingupto5001/Os. OnedesignisshowninFig.
1.13. Chip-scale packages are classified as four general types.??

Leadframe-based CSPs. Leadframe CSPs are most closely related to
conventional, single-chip packages. According to thisapproach, thedieis
attached and wirebonded to acopper leadframe using multiplerowsof gold
wirebonds. The completed assembly isovermolded, usually with an epoxy
mol ding compound. Small sizeand weight aswell asimproved thermal and
electrical performance are the key benefits of this technology.

Rigid substrate-based CSPs. The die may be attached and wire
bonded or flip-chip bonded to asmall rigid interconnect substrate such asa
ceramic or a plastic laminate, for example, bismaleimide triazine (BT).
Conventiona wire bonding and overmolding processes, as in leadframe
CSPs, are also used.

Flex interposer-based CSPs. This CSP type uses a flexible circuit
having solder ball sor metal bumpsasaninterconnect interposer betweenthe
chipandthenextcircuitboardlevel. Thebarechipisattached facedownand
wire-bonded to the interposer. A thin elastomer, sandwiched between the
chip and interposer, cushions the chip and the solder-ball interconnects,
relieving stresses (see Fig. 1.13). The interposer generally consists of a
metallized, flexible polyimide tape on which areformed el ectrical connec-
tionsby photolithographic processes. Asafinal step, theexposed wirebonds
and edges of the chip are molded with epoxy.
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Figure 1.13. Construction of a flex-interposer chip-scale package (mounted on a
printed-circuit board).
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Wafer-level CSPs. CSPs can be batch fabricated at the wafer level by
the semi conductor manufacturer resultingin lower costsand higher yields.
In their production, through several more steps, the 1/0 bonding pads are
redistributed to facilitate the formation of bumps. The bumped die arethen
encapsulated and singulated. In redistributing the pads and forming the
bumps, photolithographic processes similar to those used in the original
fabrication of the |Cs are used. Cyclotene® (abenzocyclobutene dielectric
coating devel oped by Dow Chemical Co.), polyimide, or other temperature-
stable coating isused asaninterlayer dielectric. A beam-leaded variationis
alsoavailable.

L ead-on-chip (L OC). Lead-on-chipisavariation of CSPinwhichthe
leadframeis attached with adhesive to the face of the chip so that wire can
bebonded withinthechip area. Theleadframesareattached tothechipwith
thermoplastic polyimide film or with a paste adhesive, and the metallized
bonding pads on the chip are wire bonded to the leadframe (Fig. 1.14).
L eadfamesmay consist of rigid or flex cable. Partsare subsegquently epoxy
molded on both sidesof theleadframe except that the bottom surfacesof the
bottom leads are |eft exposed so they may be solder plated. The leads are
trimmed very closeto the edge of the package. Advantagesof LOCinclude
high packaging density, easeof pretesting, improved power distribution, low
parasitics, and high clock rates. Several variations of LOC have been
developedthat improve onthelead configuration for better standoff height,
better heat transfer, increased compliance, and better inspectability of solder
joints[?”1 LOC chip-scale packages are used extensively for dynamic
random-access memory (DRAMS) and other memory chips, providing
packages with small form factors, high speed, and low profiles.

Chip stacks. A recent approach to increasing component densitiesis
to connect the die or chip devices vertically as a chip stack instead of
assembling them horizontally on a substrate. The silicon chips are first
thinnedto several mils(2—4 mils), thenbondedtogether. Wherethechipsare
of different sizes, such asan application-specificintegrated-circuit (ASIC)

/— Solder Bond

IC ﬁ-— Leadframe
Epoxy Encapsulant

]

Figure 1.14. Example of lead-on-chip (LOC) construction.
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chip stacked on an static random-access memory (SRAM), the chips may
be connected by wirebonding or flip-chip bonding, first to each other, then
to a base substrate. Where the chips are of the same size, they must be
staggered so that all the wire bond connections can be made from one side
of each device to the base substrate. Cross sections of wire-bonded, two-
chipandthree-chip stacksareshowninFig. 1.15. Chip stacksincorporating
uptofour chipshavingaheight of only 1.3mm haveal sobeen produced (Fig.
1.16). Chip stacks are widely used in cell phones.

1.2.2 Surface-Mount Technology

Surface-mount technology (SMT) is basically a component assembly
technology related to printed-circuit boards wherein the components are
attached and connected on the surface of the board using batch solder-
reflow processes. SMT differs from other PWB methods where the
component leadsareinserted into plated through-hol es and wave-sol dered
from the bottom to fill in the holes and interconnect the components. SMT
hastheadvantagesof achieving higher packaging densities, higher reliability,
and reduced cost than the plated through-hole insertion process. SMT is
currently the process most widely used for low-cost, high-production
consumer electronic assemblies.

L3I Caig 1) LS CRipl2] AL wire

Epaoay resin

Single layer enony aee

Sakder bal Cielestric
adnesiva film layer

Figure 1.15. Cross-section diagrams of chip stacks.[28129]
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Figure 1.16. Stacked chip-scale package configuration. (Source: Amkor.)

1.2.3 Multichip Packaging

Multichip packaging involvesthe attachment and interconnection of a
variety of chip deviceson aninterconnect substratethat may besinglelayer
or multilayer. There are two basic types of multichip packaging: hybrid
microcircuitsand multichipmodules.

Hybrid microcir cuits. Hybrid microcircuits are high-density circuits
produced by directly attaching and connecting bare chips to a fine-line
interconnect substrate. The word hybrid derives from the large variety of
devices, connection techniques, and interconnect substrates that can be
usedintheir assembly. Baresemiconductor die(l Cs, transistors, and diodes)
and passivedevices(chip capacitors, resistors, inductors, and transformers)
may be mechanically attached with insulative adhesives and electrically
connected using conductive adhesives, gold or aluminum wire, flip-chip
soldering, or tape-automated bonding (TAB). The interconnect substrates
may be constructed of single or multilayer thin- or thick-film circuits (Fig.
1.17). Additionally, prepackaged devicessuch asplastic-molded | Csmay be
assembl ed alongsi de the unpackaged chips. Because bare die, fragilewire
bonds, and potentially corrosive thin-film metallizations are used, hybrid
microcircuitsmust bewell cleaned, vacuum baked, and hermetically sealed
in aninert ambient. Packages may be gold-plated or nickel-plated Kovar®
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Capacitor chip

Electrically insulative epoxy Insulative or Electrically
but thermally conductive electrically conductive conductive
epoxy epoxy

Figure 1.17. Cross-section of a hybrid circuit showing IC and capacitor
attachments.

with glass-sealed leads emanating either laterally from the sidewalls or
vertically as pins from the base. Packages may also be constructed from
cofired ceramic in which the leads are formed as an integral part of the
package.!®l

Thin-film hybrid microcircuitsmay beassembl ed on ceramic substrates
suchasa uminaor berylliawhereinterconnect conductor linesand bonding
pads have been produced by vapor depositing or sputtering thin films of
metal's, then etching the patternsusing standard photolithography processes.
Conductor metallizations are generally gold or aluminum. Conductor line
widths and spacings are typically three to five mils. Thin-film resistor
patterns may also be integrated with the conductors by depositing and
photoetching nichrome or tantalum nitride. A key attribute of thin-film
hybridsistheability to produce precisionresistorsthat, after |aser trimming
and annealing, have temperature coefficients of resistance (TCRs) aslow
as 0+ 3 ppm/°C and resistor drifts of less than 100 ppm after aging 1,000
hours at 150°C.

Thick-film hybrid microcircuits are also assembled on ceramic sub-
stratessuchasalumina, beryllia, or aluminum nitride, but theconductorsand
resistors are applied by screen printing and firing conductor and resistor
pastes(Fig. 1.18). Conductor linewidths and spacings may beasnarrow as
3-5milshbut, for high yields, are generally 10-20 mils. The ability to form
multilayer circuitsby screen printing dielectric layersbetween the conduc-
tor/resistor patterns and simultaneously forming vias in the dielectrics to
interconnect thelayersisadistinct advantageof thick filmsover single-layer
thin films. A further advantage of thick-film over thin-film circuitsis the
lower cost of materials, processing, and equipment.
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Figure 1.18. Thick-film hybrid microcircuit.

Multichip modules. Multichip modules (MCM) are basically exten-
sionsof hybrid microcircuits, thedifferencesbeingintheir higher degreeof
density andimproved el ectrical performance. Ingeneral,anMCM isdefined
as amicrocircuit that has a silicon-to-substrate density greater than 30%.
Threebasic MCM types, defined according to the process used in fabricat-
ing the interconnect substrate, have been developed. They have been
classified by the Institute of Interconnecting and Packaging Electronic
Circuits (IPC) as MCM-D (deposited thin film), MCM-C (ceramic thick
film), and MCM-L (plasticlaminate).[*0

MCM-D, thefirst MCM type to be developed, is produced by avapor
deposited or sputtered thin-film photoetch process similar to that used for
hybrid thin-film substrates, except that multilayering has now been intro-
duced. High-performance dielectric layers such as polyimide or
benzocyclobutene (BCB) coatings are deposited over the etched conduc-
tors, the coatingsare cured, and viasareformed by plasmaor laser etching.
On metallizing the diel ectric and photoetching the next conductor layer, z-
direction vias are also metallized and form electrical connections between
thelayers. Of thethreeM CM types, MCM-D providesthefinest linewidths
and spacings (25 pm or less), and smallest vias (25 pum or less)." MCM-
Dsmay also be multilayered to form up to 8 conductor layers. Figure 1.19
shows the construction of an MCM-D interconnect substrate consisting of
five conductor layers.
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Figure 1.19. Cross-section of an MCM-D multilayer construction.

MCM-C interconnect substrates are produced from either low-tem-
perature cofired ceramic (LTCC) or high-temperature cofired ceramic
(HTCC). Either process can produce multilayer substrates having high
numbersof conductor layers(upto 100), although for most applications2to
20 layers are sufficient. The fabrication of MCM-C involves thick-film
processes that have wider lines and spacings (5 to 20 mils) than MCM-D,
but are lower in cost.

MCM-Ls are multichip modules whose interconnect substrates are
produced from plastic laminates similar to PWBS, but having much finer
dimensions.

High-density interconnect (HDI) overlay process. The HDI
overlay packaging process, developed by General Electric, is a unique
variation of MCM-D. In it, the bare chips are attached first, face up, in a
closely packed manner, to a bare substrate and the interconnect layers are
then formed over the chips. A polyimidefilmisnext bonded to the array of
chips using a thermoplastic adhesive and vias are formed through the
polyimidedirectly over thebonding padsonthedevicesusingaprogrammed
laser beam. Thefilmisnext metallized and photodelineated to generate the
fine-linecircuitry and z-directioninterconnecti ons. Subsequent interconnect
layersmay beformed by repeating thesteps 3132 (Fig. 1.20). A thermoplas-
tic polyetherimide adhesive (GE’ sUL TEM®) wasused to bond the devices
to the substrate and al so to bond the K apton® film to the tops of the devices.
The process has many advantages over the normal “chips last” approach
used for hybrid microcircuits and most multichip modules. Among these
advantages are the extremely short electrical paths (no wire, TAB, or flip-
chip bonding required), high packing density of devices, and improved
thermal conductionfromthebottom of thediedirectly tothesubstratewhich
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Figure 1.20. HDI overlay, “chips first” packaging.

may be alumina, aluminum nitride, beryllia, or other material having high
thermal conductivity. Plastic substrates may also be used for low-cost
applications.

Chip-on-board. Chip-on-board (COB), also known as chip-on-sub-
strate (COS), is arelatively new technology that has evolved as a cross
between high-density hybrid microcircuits and low-cost PWAsS. Recent
advancesin producing fine lines and spacings and closely spaced bonding
padson PWBshaveallowed theassembly of activeand passivechipdevices
asin hybrid and multichip modules. Chip-on-board has resulted in much
higher densitiesthan PWBsthat were assembl ed with prepackaged compo-
nents. As with hybrid circuits, the chips are attached with electrically
conductive or insul ative die-attach adhesives, or they may be wire bonded
or flip-chip attached with solder. Also, aswith hybrid circuits, the bare chip
devices must be protected from ambient moisture and other contaminants.
For most commercial and consumer electronics, itissufficienttoselectively
encapsulate |Cs and other semiconductor die with a plastic encapsulant
specially formulated for low moisture absorption and low stress. These
encapsulants are known as glob tops and are mainly thixotropic epoxy
formulations(Fig. 1.21).

Flexiblecir cuits. Flexiblecircuits(flex circuits) areanal ogoustorigid
printed-circuit boards except they are fabricated from a thin flexible
dielectricfilmtowhichisadhesively bonded athin copper foil. The copper
isthen photoetched toformacircuit pattern using normal photolithography
processes. A plastic film (coverlay) isthen adhesive bonded to the etched



26 ADHESIVES TECHNOLOGY FOR ELECTRONIC APPLICATIONS

Die-Attach Epoxy  Die

Glob-Top Epoxy Wire Bond

|
Bond Pad \—

Figure 1.21.Chip-on-board cross-section showing glob-top protection for IC chip.
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copper circuitry except that open areas are left for subsequently attaching
components. The coverlay provides moisture, contaminant, and handling
protection much as a conformal coating does for aPWA. Dielectric films
most widely used are polyimide, for example, DuPont’s Kapton® H,
polyester terephthalate (DuPont’s Mylar®), epoxy polyester, and various
fluoropolymerssuch as Teflon® FEPor Teflon® PTFE. Polyimide, because
of its very high-temperature stability, is best suited where subsequent
assembly involves solder attachments. A variety of adhesives may also be
used including acrylics, epoxies, and epoxies modified with flexibleresins
such as phenolic butyral. Adhesives for flex circuits must meet severa
reguirements, some of which are asfollows:

» Retain adhesion whilethecircuit isflexed

» Wetandbondwell to both the polymer film andthecopper
fail

» Havelow moisture absorption

« Havegood dielectric properties

» Havelow or no-flow characteristics

» Bethermally resistant to solder-reflow temperatures

As with PWBSs, flex-circuits may be single layer, double sided, or
multilayer.

Chip-on-flex (COF). Chip-on-flex issimilar to chip-on-board except
that the die, chips, or CSPs are wire bonded, flip-chip attached, or epoxy
connectedtoaflexiblecircuitinstead of toarigidinterconnect substratesuch
as a PWB.



INTRODUCTION 27

1.3 HISTORY OF ADHESIVES IN
ELECTRONIC APPLICATIONS

The basic polymer resins used in adhesives formulations are not new.
Epoxy resins, for example, now the most widely used in adhesiveformula-
tions, werefirstintroducedinthelate 1930sby Cibal? Other early producers
of epoxy resins included Shell Chemical Co., Dow Chemical Co., Union
Carbide, Celanese, Reichold, and DuPont.[33 Polyurethane resins were
introduced inthe 1940s and produced by several large chemical companies
including DuPont, Mobay Chemical Co., and Monsanto. Polyimideswere
developed by DuPont in the 1950s, and silicones, the newest of the second
generation of el ectronic material's, weredevel oped almost simultaneously at
Dow Corning and General Electric in the 1960s.[34

The assembly of devices and components started shortly after the
invention of thetransistor by using solder (primarily tin-lead), eutecticalloys
(gold-silicon, gold-tin), and wire (copper, aluminum, or gold). Inthe early
1960s, polymeric adhesives and, in fact, any organic materialsin hermeti-
cally seal ed el ectronic packages, werenot allowedinmilitary programs, and
rightfully so, since adhesives first used were off-the-shelf commercial
products not intended to meet the reliability standards of aerospace pro-
grams. Failures dueto corrosion, metal migration, and outgassing initially
gave organic materials abad name. At the sametime, the government and
industry saw the need to use polymer adhesives because of their low cost,
low processing temperatures, and ease of rework. During the next decade,
withimprovementsmadein purifyingresins, reducing theamountsof ionic
contaminants, and defining the requirements for qualification, polymer
adhesives began to be accepted.

Although metallurgical methodsarestill widely usedtoday, inthedrive
toward lower costs, higher densities, and further miniaturization, polymer
adhesives have displaced them in many applications. Polymer adhesives
such aselectrically conductive epoxieshave many advantages over solder,
eutectic, or glass attachmentd®! as listed in Table 1.1. However, the
introduction of polymer adhesivesin the 1960s was not without problems.
Among problems encountered were: high levels of ions and other
impurities that were present in the commercially avail able adhesives of
the period; high outgassing in sealed packages; voids due to retention of
solvents, absorption of water, or entrapment of air; and stresses due to
mismatchesin coefficients of thermal expansion (CTE). An awareness of
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Table 1.1. Comparison of Metallurgical, Polymeric, and Vitreous
Attachment Methods

Attachment/
Connection Advantages Limitations
Method
Requires flux
Risk of flux residues
and corrosion
Concern over toxicity
Batch process of lead
Automated dispensing or Corrosion of solder in
screen-printing humidity, if not
Automated reflow oyercoameq
Tin-Lead Long history of use/mature Risk of voids under
Soldering process large components
Easy rework Stress dueto large CTE
Good electrical connections :;;:?::;rature
Good therma conduction exposure during solder
reflow
(220°C-240°C)
Limited wetting and
adhesion to some
surfaces (e.g., glass)
Easy rework
Low cost
Low processing temperatures i .
(<165°C) Risk of outgassing in
" . enclosed packages and
Automatgd ‘.j' spensing or for space hardware
screen-printing .
Aoplicati it Most require moderate
ppiication-specific to long cures (1-2
formulations
Polymer i ) ) hours)
Adhesive Wicke verlety of commadally Limited thermal
Bonding f‘r"o"’:'n €productsto choose stabilities
. ) e Finite absorption of
Ability to rellev.e stresses water presents * pop-
Excellent adhesion to most corn” prob|ern during
surfaces reflow soldering
Snap curetypes curein seconds
(160°C-200°C)
Directional conductivity with
anisotropic forms

(cont’d.)
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Table 1.1. (Cont'd.)

Attachment/
Connection Advantages Limitations
Method
» Long cure scheduleto
remove binder and fuse
» Hightherma conductivity glass/o_X|de .
(50-90 W/m-K) * Very high processing
Silver-Glass » Good dectrical conductivity tAre(;P)Opgatures (upto
Bondin . i i i
g Sunabl_e for single-chip « Not practical to rework
packaging ) o
« Not suitable for multichip
modules with temperaure-
sensitive materialsand
devices

the requirements of the emerging electronics industry led some large
chemical firms to conduct research and devel opment to solve these prob-
lems and to address the specific needs of the electronicsindustry. Among
these companies were DuPont, General Electric, Dow Corning, Dow
Chemical Co., Shell Chemical Co.,and 3M. Followingsuit, duringthe 1960s
and 1970s, many new compani es emerged that were dedicated to devel op-
ing electronic-grade adhesives and other polymer materialsfor therapidly
growing electronics industry. Among these new-start companies were
Ablestik Laboratories, Amicon, Epoxylite, FuranePlastics, Epoxy Technol -
ogy, Al Technology, Hysol, Loctite, and Emerson & Cuming.
Epoxiesbecame popular for thefirst generation of electrically conduc-
tiveadhesivesintroducedinthemid-to-late 1960s.[3837] Theearly adhesive
formul ations contai ned organic sol vents, which oftenbecametrappedinthe
bondlineduring cureandresultedinvoids, especially under largechipsand
substrates. These early adhesives also contained large amounts of ionic
impurities, notably chloride ions, which, in the case of nonconductive
adhesives, resulted in reduced electrical resistivity, ion migration, and
corrosion, especially in humid environments. Early epoxieswereal so cured
withaliphaticamines, which outgassedammonia. Y et, inspiteof all this, the
first generation of epoxy adhesives performed well for the small chipsand
devices, conventional PWASs, and low-density hybrid circuits of thetime.
Amongthefirst electrically conductive die-attach adhesiveswas DuPont’ s
5504, asilver-filled, solvent-based epoxy-anhydride system.[%8! Film adhe-
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sives (preforms) were introduced in 1968.1%% Film adhesives, originally
developed for substrate attachment, are now also used for conductive die
attach, lead-on-chip (L OC) bonding, and in fabricating multilayer flex and
rigid interconnect substrates. During the 1960s, both one-part and two-part
room-temperature vulcanizing (RTV) silicone adhesives were introduced
by Genera Electric and Dow Corning which met a need for higher
temperature resistance and higher purity than epoxies. Some of these
silicones were convenient to use because they were one-part systems that
cured at room temperature on exposure to air moisture.

Duringthisearly period, polyurethaneswereused whereflexibility and
vibration damping of large componentswererequired. Cyanoacrylatesand
anaerabic acrylic ester adhesives that cured in the absence of air were
formulated in the 1950s and marketed by L octite.[*” They were studied for
bonding el ectronic componentsand heat sinksto printed-wiring boardsinthe
early 1960s. Both cyanoacrylates and anaerobic adhesives provided very
rapid tacking and curing in the absence of air, but were soon abandoned for
€l ectronicapplicationsbecauseof their poor resistanceto el evated tempera-
ture-humidity environments, especially where they had to meet military
specifications. However, anaerobic adhesives found wide use in locking
threaded fasteners, thread sealing, and in impregnating porous surfaces.

Thenext generation of adhesives (1970s) saw further improvementsin
purification of epoxy adhesivesinwhichthechl oride, potassium, sodium, and
other ions were reduced to levels below 20 ppm. Outgassing was also
reduced by changes in the hardeners used to cure the epoxies and by
optimizingthecureschedules. Thefirst specificationfor thequalification of
adhesiveswasissued during thisperiod by NASA’ sMarshall Space Flight
Center in 1978.

In the 1980s, athird generation of high-density, high-performance |C
devices and interconnect circuits having fine lines and spacings was
developedand, concurrently, advancesweremadein high-purity (lowionic
content) and non-sol vent (100% solids) epoxies, polyimides, cyanateesters,
and other adhesives. Interest was renewed in flip-chip devices for high-
speed circuits and for high 1/0 devices, and underfill adhesives were
introduced to fill the spaces between solder-ball connections and relieve
stresses. Al so, inthe 1980s, high-density multi chip modul esweredevel oped
based on multilayer thin-film materials and processes. Thermoplastic film
adhesiveswereusedin somedesignssuch asthe overlay processdevel oped
by General Electric. Other thermoplastic films were used in constructing
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flex circuitsand cable. In 1987, DuPont introduced Ditac®, athermoplastic
preform for die attachment.

A fourth generation of electrically conductive adhesives based on
cyanate esters and modified cyclo-olefin thermoset resins (MCOT) was
introduced in the 1990s. These resins were specially formulated for low
moi sture absorption, high thermal stability, andow stressto be compatible
with solder-reflow conditions. They were developed to prevent or reduce
the so-called popcorn effect, afailure mode attributed to the rapid rel ease
of absorbed water in adhesives and other plastic materials on exposure to
thehigh solder-reflow temperatures. Researcherswereprolificinthe 1990s
in the development of new approaches to meet the high demand for
miniaturized consumer electronics. The requirement for high-throughput
automated assembly resulted in the wider use of snap-cure adhesives, UV
and microwaverapid-curing adhesives, and silver-glassadhesives. Withthe
greater use of flip-chip and area-array devices and new package designs,
faster capillary flow andfaster cureunderfill adhesiveswereformulated. At
the same time, al these developments had to be moderated by strict
government regul ationsto reduce emissi onsof volatileorgani c compounds
(VOC). A progression of improvements and advances in adhesives is
summarizedin Table 1.2.

1.4 COMPARISON OF POLYMER ADHESIVES
WITH METALLURGICAL AND VITREOUS
ATTACHMENT MATERIALS

Metallurgical methods for die attachment or for die and component
electrical connections consist primarily of soldering using tin-lead solder.
Theapplication of adhesiveand solder paste by automated dispensing or by
screen printing, placement of the components, and reflowing the solder are
the main process steps for surface mounting and connecting components
onto PWBSs. The solder-reflow temperatures are high (220°C-240°C) and
may not be compatiblewith other materialsor componentsintheassembly.
Inaddition, with thetrend toward eliminating lead in solder pastes, new no-
lead solders are being introduced that require even higher reflow tempera-
tures. Thesehightemperatureshaveal so created anew problemfor plastic-
encapsul ated microcircuits (PEMs) where absorbed moisturein the plastic
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Table 1.2. Historical Developments for Adhesives Used in Electronics

Decade
Time-frame Development
First use of electrically conductive epoxies
Premixed, frozen adhesives introduced by Ablestik
Laboratories, Epoxy Technology, and Amicon
1960s Reduced ion content epoxies and polyimides
I ntroduction of epoxy preforms
First high-purity RTV silicone adhesives from G.E. and
Dow Corning
First specification to qualify die-attach adhesives (NASA
M SFC-SPEC-592)
1970s Low bleed-out adhesives
Further improvements in high-purity, low outgassing
adhesives
MIL-STD-883 Method 5011 coordinated and rel eased
Thermoplastic film adhesives
Silver-glass die-attach adhesves introduced
First underfills for flip-chip devices
1980s Snap-cure adhesivesfor high production, rapid throughput
Thermoplastic film adhesives for multichip modules (G.E.)
Introduction of anisotropic adhesives for fine-pitch
assemblies
UV Nvisible curing adhesives
Film adhes ves for |ead-on-chip packaging
High thermal conductivity die-atach adhesives
First generation of low-stress adhesives (paste and film)
Low-firing, silver-glass adhesives
Fast-cure, high-flow underfills
1990s No-flow, fluxing underfills
Cyanate ester and MCOT adhedvesintroduced for low
moisture absorption, compatible with solder reflow
temperatures (popcorn res stant)
“Skip cure” or “on-bonder” cured adhesives
Variable-frequency microwave curing (Lambda
Technol ogies)
Application-specific adhesves
Chip carriers
2000 to Chip stacking
present Optoel ectronic circuits
MEMS
Liquid Cryga Diglays
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rapidly vaporizesproducing stressesand del aminationswithinthemodule.
Thisphenomenoniscalled popcorning because of thecrackling sound heard
during thereflow step. Since most solder pastes either contain flux or must
be used together with flux, the effective cleaning and removal of flux
residues has always presented a problem.

Polymer adhesivesavoid most of these problems, but do not possessthe
high thermal or high electrical conductivities of metals or metal alloys.
Adhesivesalsoarelimitedintheir temperaturestabilities, decomposing and
outgassing above a certain temperature.

Vitreous materials comprise a third type of attachment material.
Glassesmay beusedtoseal lidsto packagesfor hermeticenclosures. Silver-
glass pastes have been developed for die attachment. They have high
thermal and el ectrical conductivitiesand areused extensively for singledie
attachment in single packages.

A comparison of the three main attachment methods was given in
Table1.1.

1.5 SPECIFICATIONS

As the adhesives technology matured, specifications were needed to
assure the quality and properties of theincoming material and of the cured
material. To this end, users and suppliers of adhesives, together with
government agencies, collaboratedindefiningthecritical requirements, the
tests to be performed, and the parameters that the material had to meet to
qualify and assure areliable part. This assignment was undertaken by the
Autonetics Division of Rockwell Intl. (now Boeing) under contract from
NASA MSFC and, in 1974, led to the first government document for the
procurement of adhesives to be used in hybrid microcircuits.*442 After
further coordination and revisions, this initial document was formally
released as a specification in 1978 and revised in 1982 as NASA M SFC-
SPEC-592, “ Specification For The Selection and Useof Organic Adhesives
inHybridMicrocircuits.” For thefirsttime, thecritical requirementsforionic
contaminants, electrical resistivity, die-shear strength, corrosivity, and out-
gassing were specified. Work on the development and evaluation of
adhesivesto meet NASA requirements continued into the mid-1980s and,
asaresult, several commercially available adhesiveswere qualified.[31[44]
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Shortly after the initial release of the NASA specification, the Army
MissileCommandin 1976 rel eased asimilar specificationM1S28962 andthe
National Security Agency (NSA) followed suit withtherelease, in 1978, of
its own specification NSA 77-25. Ultimately, all government agencies
agreed on one specificationtobeadministered by the Air Forceat RomeAir
Devel opment Center. Previousspecifi cation requirementsbecameincorpo-
ratedinMIL-STD-883 asMethod 5011144146l whichisstill inusetoday for
the qualification of adhesives, aswell asfor other polymer materials, to be
usedinhigh-reliability military and spaceel ectronics. MIL-STD-883isnow
administered by the Defense Supply Center, Columbus, Ohio (DSCC).

The government-sponsored programs and the requirements and stan-
dardsthat were established had apronounced effect on the devel opment of
new and improved adhesives that met the needs of the entire electronics
industry and resulted in the start-up of many adhesives companies.[*4

1.6 THE MARKET

Epoxies are the most widely used adhesives in electronics assembly,
followed by siliconesand polyimides. Theuseof theseadhesivetypes, along
with the more specialized types such as cyanate esters, bismaleimides, and
modified cyclo-olefin thermaosets, is expected to increase as the total
production of electronic circuits and hardware increases. In recent years,
thetotal value of electronic components hasincreased tremendously from
$59billionin1989toanestimated $215billionin2003. Itispredictedthat the
cumulativegrowthwill be5%to 10% per year.[*”] Adhesivesfor electronics
constitute the fastest growing segment of the entire adhesives market. Itis
estimated that 120 million pounds of adhesivesfor electronic applications
were shipped in 2003.18] The market shareisapproximately 40%—-45% for
electrically conductive adhesives and 50%—60% for electrically insul ative
adhesives, thelatter consisting primarily of thermally conductive formula-
tions(Fig. 1.22).

In amore recent forecast,!*°! the Freedonia Group expects the market
for polymer adhesives used in electronicsto increase at an average annual
rate of 12.7% from 2003 through 2008. Thetotal dollar value of adhesives
ispredicted to increase from $259 million in 2003 to $650 millionin 2013.
Adhesivesfor electronics comprise approximately 10% of thetotal market
for polymeric materials used in electronics.
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Figure 1.22. Electronic adhesives market value.[*’]

REFERENCES

1

Dietz,R.L.,andWinder, L., New Die Attach Material For Hermetic Packaging,
Proc. Mfg. Eng EMTASConf., EE83-145, Phoenix, AZ (1983)

Lee, H., and Neville, K., Handbook of Epoxy Resins, Ch. 6, McGraw-Hill
(1967)

Galloway, D. P., et al., Reliability of Novel Die Attach Adhesive for Snap
Curing, Proc. IEMT Symp., |EEE (1995)

Burkhart, A., Grosse, M., and Nguyen, M., Novel Snap Cure Die Attach for
In-Line Processing, Solid Sate Technol. (Jun. 1995)

Fisher, E., Hinerman, J. B., and Dixon, D., SMT Adhesive Deposition: The
Lineto Success, Surface Mount Technol. (Dec. 2000)

Fathi, Z., Tucker, D., Ahmad, |., Y aeger, E., Konarski, M., Crane, L., and
Heaton, J., Innovative Curing of High Reliability Advanced Polymeric
Encapsulants, Proc. NEPCON West, Anaheim, CA (1998)

Zou, Y., Harris, J., Ahmad, | ., Tucker, D., and Fathi, Z., Comparison of Die
Level Stressesin Chip-on-Board Packages Processed with Conventional
and VFM Encapsulant Curing, IMAPS, Proc. High-Density Packaging
and MCM Caonf., Denver, CO (Apr. 1999)

Licari, J. J., and Enlow, L. R., Hybrid Microcircuit Technology Handbook
2 Ed., Noyes Publications (1998)



36

10.
11

13
14.

15.

16.

17.

18.
19.

2L

24
25.

27.

ADHESIVES TECHNOLOGY FOR ELECTRONIC APPLICATIONS

Epo-Tek H77 Product Sheet, Epoxy Technology.
Coombs, C. F., ed., Printed Circuits Handbook, 4t Ed., McGraw-Hill (1996)

Kuleza, F. W., and Estes, R. H., Solderless Flip-Chip Technology, Hybrid
Circuit Technol. (Feb. 1992)

Lau, J. H., Flip Chip Technologies, McGraw-Hill (1995)
Lau, J. H., ed., Ball Grid Array Technology, McGraw-Hill (1995)

Messner, G., Turlik, I., Balde, J. W., and Garrou, P. E., Thin FilmMultichip
Modules, ISHM Monograph, Intl. Soc. Hybrid Microelect. (1992)

Licari, J. J., Multichip Modul e Design, Fabrication, and Testing, McGraw-
Hill (1995)

Brown, R., Materials and Processes for Microwave Hybrids, ISHM
Monograph, Intl. Soc. Hybrid Microelect. (1991)

Harper, C. A., and Sampson, R. M., eds., Electronic Materialsand Processes
Handbook, 2" Ed., McGraw-Hill (1993)

Lau, J. H., Chipon Board, Kluwer Academic Publishers, Dordrecht (1994)

Wong, C. P., Polymersfor Electronic and Photonic Applications Academic
Press(1993)

Tan, N., Lim, K., Chin, B., and Bourdillon, A., Engineering Surfaces in
Ceramic Pin Grid Array Packaging to Inhibit Epoxy Bleeding, Hewlett-
Packard J. (Aug. 1998)

DiStefano, T., and Fjelstad, J., Chip-Scal e Packaging M eets Future Design
Needs, Solid Sate Technol. (Apr. 1996)

Bauer, C. E., Let's Talk Chip Scale, Circuits Assembly, |PC Supplement
(Apr.1997)

Ngulty, T. A., and Ekere, N. N., Chip ScalevsFlip Chip: Issuesto Consider,
Circuits Assembly (Nov. 1999)

Schueller, R. D., Portable CSP, Advanced Packaging (May 1998)

Baliga, J., High-Density Packaging: The Next Interconnect Challenge,
Semiconductor Intl., pp. 91-94 (Feb. 2000)

Karnezas, M., Advantages of System on a Package and System on a Chip,
Electronic Packaging and Production (Jul. 2001)

Francis, D., and Jardine, L., Lead-on-Chip Package Extendsthe Use of Wire
Bonding and L eadframe Technology, ChipScale Review (Jul./Aug. 1999)
Chien, D.,Hellmold, S,, Yee, M., and Kilbuck, K., Stacked Multichip CSP
Standards: A Push Forward, Advanced Packaging (Jun./Jul. 2000)

Gilleo, K., and Solberg, V., No Place To Go But Up, Electronic Packaging
and Production (Oct. 2001)



INTRODUCTION 37

30.

3L

37.

4]

42.

& R

47.

49,

Guidelines for Multichip Module Technology Utilization, IPC-MC-790,
Institute of Interconnecting and Packaging Electronic Circuits, Lincolnwood,
IL (Aug. 1992)

Fillion, R. A., and Neugebauer, C. A., High Density Multichip Packaging,
Solid State Technol ., Hybrid Supplement (Sep. 1989)

Levinson, L. M., eta, High Density Interconnects Using Laser Lithography,
Proc. NEPCON West (1989)

Licari, J. J., Coating Materials for Electronic Applications, Noyes
Publications (2003)

Lau, J., Wong, C. P., Prince, J. L., and Nakayama, W., Electronic Packaging
Design, Materials, Processes, and Reliability, McGraw-Hill (1998)

Bolger, J. C. and Morano, S. L., Conductive Adhesives: How and Where
They Work, Adhesives Age (Jun. 1984)

Seymore, R. B., and Carraher, C. E., Sructure Property Relationshipsin
Polymers, Plenum Press(1984)

Burkhart, A., New Epoxiesfor Hybrid Circuit Evaluation, Hybrid Circuit
Technal. (Oct. 1988)

Pietrucha, B. M., and Reiss, E. M., The Reliability of Epoxy asaDie Attach
in Digital and Linear Integrated Circuits, Proc. 12" Annual Reliability
Physics Symp., pp. 234-238 (Apr. 1974)

Shenfield, D. M., Microcircuit Adhesives Tutorial, Hybrid Circuit Technal.
(Oct. 1987)

Rich, R. D., Anaerobic Adhesives, Handbook of Adhesive Technology, (A.
Pizzi andK. L. Mittal, eds.), Marcel Dekker (1994)

Design Guidelines For Use of Adhesives and Organic Coatingsin Hybrid
Microcircuits, NASA Technical Memorandum TM X-64908, (Dec. 1974)

Marshall Space Flight Center Drawing M SFC 16A02053.

Licari, J. J., Weigand, B. L., and Soykin, C. A., Development of aQuadlification
Standard for Adhesives Used in Hybrid Microcircuits, NASA CR-161978
(Dec.1981)

Kraus, H. S., Chip Adhesives Update, Solid Sate Technol. (Mar. 1987)

Ebel, G. H., and Englekey, H. A, Polymeric Materias and the New Mil
Specs. A Hybrid UsersView, Proc. ISHM, pp. 189-193 (1984)

Microcircuits, Test Method Standard, Method 5011, MIL-STD-883F, DSCC
Columbus, OH.

Vaero, G., Preparing for Liftoff, Adhesives Age, 42(8) (Aug. 1999)
Adhesives Age, 43(10) (Oct. 2000)
ChipScale Review (Jul. 2004)



2 Functions and Theory
of Adhesives

Adhesives used in the assembly of electronic circuits serve four main
functions:

* Mechanicaly attach parts such as semiconductor die,
components, substrates, packages, and heat sinks.

» Electrically interconnect componentson asubstrateorin
apackage.

¢ Dissipate heat from components and circuits.
e Dissipate stresses.

The prime function of adhesives is to mechanically attach or bond
devices, components, heat sinks, wire, connectors, and other parts onto a
circuit board or aninterconnect substrate. Adhesivesareal so used as pastes
or filmsto attach lids in sealing cavity packages and as dielectric filmsin
fabricating multilayer interconnect substrates. The most important consid-
erationin obtaining areliable adhesive bond isthe ability of theadhesiveto
flow and wet the surfaces. For a reliable bond, strong adhesion to both
surfaces and strong cohesion within the adhesive are necessary.

Besidesthisprimeroleof attachment, el ectrically conductiveadhesives
are widely used to form electrical contacts between components and the
printed-wiring board or other interconnect substrate, such as thin-film or
thick-film ceramic substratesor flexiblecable. For thisfunction, adhesives
serveaslow-cost alternatestowire, solder, and other metallurgical connec-
tions.

The third function, one that is becoming increasingly important, isto
draw heat away from components. With increasing circuit densities and
power generation, itisessential to avoid excessiveoperating temperaturesto
prolong device lives and avoid premature failures. High heat-generating
devicesaregenerally cooled by conduction of heat through metal heat sinks,
metal tabs, metal or ceramic substratesor packages, andthroughliquidinert
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coolants. The conduction of heat to heat sinksdemandsthat adhesiveshave
high thermal conductivities and are applied as thinly as possible without
generating voids. Intheir normal unfilled state, polymer adhesivesare poor
thermal conductors. They must be highly filled with metal or ceramic
particlestoincreasetheir thermal conductivities. Heat dissi pation by convec-
tion isalso used to cool electronic devices and assemblies; an example of
which is blowing cool air or other gas across the parts while operating.
Lastly, adhesives are used to dissipate stresses that may be generated
from thermal excursions, mechanical shock, vibration, or moisture. Spe-
cially formulated adhesives are effectively used as underfillsfor flip-chip
devices and ball-grid-array packages to compensate for mismatches of
expansion coefficientsamongthesolder, thesilicon chip, andtheceramicor
plastic-laminate substrate. Low-stress adhesives are also used to attach
fragile devices such glass diodes and to dampen stresses dueto vibration.

2.1 MECHANICAL ATTACHMENT

Mechanical attachment of components, devices, and other parts of an
€l ectronicassembly isthe primefunction of adhesives. Although adhesives
areexpected to bond awidevariety of materialsfor electronic applications,
they do not need to be structural. They should, however, meet minimum
tensileand shear strengthsin order to withstand mechanical shock, thermal
shock, thermal cycling, and vibration as specified for theintended applica-
tion. For consumer and commercial products, thesestressesmay beminimal.
For military and space systems, moreseveretestsdefinedinMIL-STD-883
and other government documents must be used.

Cohesiveand adhesivestrengthsof adhesivesdevel op during thecuring
or polymerization processand reach maximum val uesat someoptimumtime
and temperature conditions, usually determined empirically by measuring
shear strength or another desired property as afunction of increasing cure
schedules. Figure 2.1 shows how torque strength was used to establish two
optimum cure schedules for a surface-mount adhesive.ly The degree of
polymerization or completeness of cure may also be measured by infrared
spectroscopy from the decrease in absorption of specific groups asthey
areconverted by crosslinking through addition or condensati on polymeriza-
tion. For example, the oxirane (epoxy) group of epoxy resins absorbs
strongly inthe 10.96 umfrequency, but thisabsorptionband decreasesasthe
epoxy group is consumed during polymerization with a hardener or
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Figure 2.1. Torque strength vs cure schedule for Loctite® Chipbonder® 3607
(strength measured on 1206 capacitors @ 22°C per IPC SM817).14

catalyst.[4 The change in the epoxy absorption band of diglycidylether of
bisphenol A (DGEBA) resin asit reacts with a primary aliphatic amine at
room temperatureis shownin Fig. 2.2.

The ability of an adhesive to form a strong bond between different
surfaces depends on its ability to wet the surfaces, its flow or rheology
properties, and the nature of the bonding mechanism.

211 Wettability Theory

Adhesives must effectively wet and completely contact the surfacesto
assure a strong bond. The ability to wet a surface, wettability, isrelated to
the ease with which aliquid spreads on a solid surface and is essential in
maximizing coverageand minimizing voidsinthebondlines.[¥ Wettability
is measured by the equilibrium contact angle, 6, which is defined by
balancing surface-tension forcesin Y oung’ sequation (Fig. 2.3).

Eq. (2.2) Voo~ Y4 = ¥y COS O

where y,, isthe surface energy at the solid-vapor interface, y, isthe surface
energy at the solid-liquid interface, and y;, is the surface energy at the
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Figure 2.2. Infrared spectra showing the degree of cure of DGEBA epoxy resin by
changes in the 10.96 um absorption band. (Number indicates cure time in
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liquid-vapor interface. Adhesive wetting isbased on the concept of awork
function for adhesion asderived from thefirst law of thermodynamics:

Eq- (2-2) Wa: Yo T Viv- W4

Combining Eg. (2.2) with Young's equation yields the Y oung-Dupree
equation.

Eqg. (2.3) W, = ¥, (1 + cos 6)

Thespreading coefficient or work function (W,) in Eq. (2.3) showsthat
goodwetting (6<90°) isrealizedwhen W, isgreater than zero. Good wetting
alsorequiresusing aliquid having ahigh surfacetension. AsW, decreases,
6 increases from 90° to 180° and conditions go from partial wetting to
nonwetting.[ Based on this equation, conditions of wetting versus non-
wetting are asfollows:[®!

6= 0°: Completewetting; liquid spreadsspontaneoudly;
high surface attraction

0° <6< 90°: Partial wetting
90° < 8< 180°: Non-wetting; liquid beadsup
Some surfaces that wet well (< 90°) include:!®!
* Metal oxides
¢ Metal plusnative oxidefilms
* Meta plusforeign oxides (alumina, silicates)

» Metal plusadsorbed chemical films (wetting agents, sur-
factants)

» Hydrated silica (Si-OH surface bonds)
» Ceramicssuch asalumina
* Epoxy-glasslaminates
Among surfacesthat do not wet (8> 90°) are the following:!%!
* Gold
* Metalsfreeof oxides
+ Organic nonpolar polymerssuch as Teflon®

» Surfaces with hydrophobic contaminants such as sili-
cones, oils, and greases
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» Metalshaving adsorbed ions such asfluoride

 Siliconetchedwithhydrofluoricacid, forming Si-F surface
bonds

« Strongly heated silicon, forming Si-O-Si surfacebonds

These observations are consistent with the high surface energies displayed
by certain metals, metal oxides, ceramics, and plastics.[®! Equations (2.2)
and (2.3) al so show that high surfacetensionsof adhesivesasliquidsrequire
high surface energies of the surfaces to be bonded to produce low contact
anglesand good wettability. Thesurfacetension of most epoxiesisapproxi-
mately 80 dynes/cm. Asageneral rule, if water, with asurfacetension of 72
dynes/cm, wets a surface, epoxy adhesives will also wet that surface.["1€]
Wetting also occursif the surface tension of theliquid adhesiveiscloseto
or dightly less than that of the substrate.*!

Contact anglesaremodifiedfor rough surfaces. Ingeneral, high surface
roughness degrades wettability if 0 is greater than 90° and improves
wettability if lessthan 90°. The contact angleis greater on rough surfaces
comparedto planar surfaceswhere fisgreater than 90°. For example, highly
roughened surfaces such as sandblasted silicon display poor wetting while
mechanically polished silicon hasimproved uniformity and superior wetting
to solder.[®l On the other hand, slightly abraded surfaces, asfor thick-film
gold conductors, arenecessary toimproveadhesion. Thus, Eg. (2.3) may be
modified by introducing a“ contact coefficient” that isafunction of surface
roughness. Another modificationintroducesastrainenergy y* functionthat
results during the cooling down of the adhesive after heat curing.[!

Eq. (2.4) W, = K[y (L+cosB-y)]

Factor saffecting wettability. In addition to the contact angle, surface
energy, and surface tension considerations just discussed, the degree of
wetting depends on the pot life and gel time of the adhesive. Pot lifeisthe
useful life of an adhesive after atwo-part system has been mixed or after a
one-part system hasbeenremovedfromacontai ner or thawed, inthe caseof
frozen adhesives. Beyond itspot life, the adhesiveincreasesin viscosity to
an extent that it no longer flowsreadily and is difficult to dispense. Pot life
ismost often measuredintermsof aviscosity increasethat variesaccording
to the product and the supplier. One supplier, for example, uses a 25%
increase in viscosity as the limit.'% Hannafin, et a., considered a 10%
increasesuitabl efor automated dispensing but a100% viscosity increasefor
adhesivesthat aremanual ly dispensed.[*! M aterial that hasexceededitspot
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lifemay bepartially gelled or partially polymerized, aconditionalso called
B-staged or B-staging. Atthegelation point, theadhesivewill nolonger wet
thesurface. Asanexample, theviscosity of Epoxy Technology’ sEpo-Tek®
E3001isstableover thefirst 48 hoursof use, butincreasessignificantly from
less than 6,000 cpsto 16,000 cps during the next 24 hours, at which point
gelation has occurred.['? Table 2.1 showsthe effect of temperature on gel
timefor several adhesives. Adhesives are sometimes dispensed at slightly
elevated temperaturestoreducetheir viscosity and permit better wetting, but
at the expense of areduction in pot life since elevated temperatures also
accel erate polymerizationand gelation.

Excessivewetting and bleedout. Excessive wetting may resultinthe
separation and migration of adhesive constituents, either the resin or
hardener portion, aphenomenon known asbleedout. Bleedoutissometimes
visibleasaslight discol oration of thesurfacearoundtheadhesivejoint or on
a wire-bonding pad and may occur prior to or during cure. Bleedout is
especially prevalent on surfacesthat are super clean and have high surface
energies. Bleedout may be consi dered anal ogousto chromatography where
the substancesin amulticomponent mixtureabsorb, wet, and migratealong
the chromatography medium at different rates, resulting in separation into
the individual components. Bleedout has been a problem especially with
two-part epoxy adhesiveswhereoneingredient migratesand contaminates
an adjacent wire-bond pad. This contaminant interfereswith the ability to
formawirebond, andif formed, resultsinabond of marginal strength. The
problem has been largely solved by cleaning the circuitswith an oxidizing
plasmaprior towirebonding. Anoxygen-argon plasmaeffectively removes
traces of organic residues.

Table 2.1. Effect of Temperature on Gel Timel'?]

. Pot Life o Gel Time
Material (10 gm sample) Temperature (°C) (150°C)
. 25 >2 days
Epibond® 7002 1-2d
pibon s 150 5 min
Epibond® 7200 1-2 days 2 >2 dgys
150 5min
25 >3 h
Uralane® 7760 3hrs L
100 5min
Data courtesy of Vantico Corporation.
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As a better understanding of the bleedout phenomenon was gained,
other techniques were used to reduce bleedout. Vacuum baking the
interconnect substrate prior to attaching deviceshasbeenreportedtoreduce
bleedout. Several theories have been proposed to explain this. Oneisthat
vacuum baking removesadsorbed moistureand other polar surfaceresidues
that have ahigh affinity for the equally polar resin or hardener constituents
of the epoxy. Thistheory isreinforced by experiments that showed higher
contact anglesfor vacuum baked than for non-vacuum baked substrates.[
A second theory proposesthat thin filmsof oil from the vacuum pump may
backstream and deposit onto the surface. The ail film, being hydrophobic,
increases the contact angle of the adhesive and reduces its flow. Auger
spectroscopy hasbeen usedtoidentify carbon, nitrogen, oxygen, and sulfur
ongold-plated surfacesafter vacuum baking, confirmingthepresenceof oily
residues.l A more controlled method to reduce bl eedout that does not rely
onvacuum bakinginvolvestreating thesurfacewith asurfactant that |eaves
known concentrations of hydrocarbon films. These films behave the same
way as the oils backstreaming from the vacuum pump. With controlled
amounts of hydrocarbon films, adhesive die-shear strengths still met the
minimum requirementsof MIL-STD-883.12 Thus, thereisatradeoff anda
finelinebetween achieving goodwettability toinsurehighadhesivestrength
and reduced wettability to prevent bleedout.

Lastly, and more importantly, suppliers have reformulated their stan-
dard adhesivestoreduce or prevent bleedout. For example, thewidely used
Ablestik Laboratories’ Ablebond® 84-1 LMI (Low Mobilelons), asilver-
filled epoxy, was reformul ated as ano-bleed version: Ablebond 84-1 LM
NB (No Bleed). This NB version, however, was found to have reduced
wettability to capacitor terminations and, as a result, yet another version
(NB1) wasformulated asacompromise.[**l Adhesivesthat are 100% solids
aremoreproneto bl eedout than sol vent-based typessincethey contain|ow-
molecular—weight reactive diluentsthat have agreater tendency to migrate
prior to complete curing. Some surface-rel ated and material -rel ated obser-
vations concerning bleedout mechanismsmay be summarized asfollows:

* Formulationingredientsthat tendto bleed consist of low-
mol ecul ar—weight resins, reactivediluents, and somecur-
ing agents such asimidazol es.[16]

» Extremely clean surfacesincrease bleedout.

e Smooth, uniform surfaces bleed less; grainier, porous
surfaces promote bleedout dueto capillary action.
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* Vacuum baking can reduce bleedout by removing ad-
sorbed moisture and other polar contaminants, and it can
al so reduce bleedout due to pump oil backstreaming onto
the surfaces.

» Solvent-based adhesives are less likely to bleed than
100%-solidsadhesives.

» Adhesivesonetched | eadframesbleed morethan onstamped
leadframes; thisis believed to be due to the presence of
residual cutting oils on the stamped versions.

» The presence of selenium on leadframes was found to
enhancebleedout.[*”]

» Residuesfromelectroplating bathsal so enhancebleedout.

2.1.2 Rheology

Therheology, or flow properties, of adhesivesisimportant not only to
achieve adequate coverage and wetting, but also to develop the process
parameters necessary to dispensethe adhesive (see Ch. 4). Flow properties
aredetermined by measuring viscosity and thixotropy.

Viscosity, 1, isameasure of the internal friction of a material and its
resistanceto flow. It isrepresented by the proportionality constant between
shear stress and shear rate.[€]

Eqg. (2.5) n = Shear stress + Shear rate

Theviscosity of liquid adhesivesdecreaseswithincreasing temperatureuntil
polymerization beginsto occur, thenincreases. Theviscositiesof epoxiesare
reported to decrease 20% to asmuch as80% for a10°C risein temperature
aboveroomtemperature.[*®22 Figure2.4 showsthisviscosity reductionas
afunction of temperaturefor two anhydride-cured epoxy adhesives.For |ow-
molecular—weight polymers, the temperature dependence of viscosity fol-
lowsthe Arrheniusequation:

Eq. (2.6) n= AegERD

where E is the activation energy for viscous flow, A is a constant, T is
temperature, and R isthe Boltzmann constant.
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Figure 2.4. Viscosity (in cps) as a function of temperature for two epoxy-anhydride
adhesives.

Newtonian and non-Newtonian flow. When the shear stress of a
liquidisdirectly proportional tothestrainrate, asinFig. 2.5a, theliquidissaid
to exhibit ideal viscous flow or Newtonian behavior. Most unfilled and
capillary underfill adhesives?® are Newtonian fluids. Materials whose
viscosity decreases with increasing shear rate are said to display non-
Newtonian behavior or shear thinning (Fig. 2.5b). Non-Newtonian fluids
arealsoreferred to as pseudopl astic or thixotropic. For these materials, the
shear rateincreasesfaster thantheshear stress. Most filled adhesivesthat can
be screen printed or automatically dispensed for surface-mounting compo-
nents are thixotropic and non-Newtonian.[*28 A second deviation from
Newtonian behavior is shear thickening in which viscosity increases with
increasing shear rate. Thistypeof non-Newtonian behavior, however, rarely
occurswith polymers.[24

Thixotropy occurswhen clustersof filler particlesbreak up and fluidity
increases. At rest, fillersexist in clustersand their strength, size, and shape
determine the static viscosity of the adhesive. Thetotal surface area of the
filler particles also contributes to static viscosity. Shear thinning occurs
whentheclusters, suchassilver flakeinsilver-filled epoxies, break apart and
viscosity decreases; then, as stressisremoved, the clustersform again and
viscosity increases.[21[2]

Thethixotropic property of an adhesive may bedefined by itsthixotro-
pic index, the ratio of viscosities measured at two shear rates, generally a
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Figure 2.5. Viscosity behavior of adhesives: (a) Newtonian; (b) non-Newtonian.

decadeapart, for example, viscositiesmeasured at 0.5 rpmandat 5rpm (1.9
secland 19.2 sec1) 12U Thixotropicindicesareval uablein selecting the best
method to dispense an adhesive. Adhesivesthat haveanindex of 2to 5 are
considered suitablefor automatic dispensing. Material swithindicescloseto
1 are generally Newtonian types and suitablefor capillary-flow underfills.

Capillary flow. Adhesives used to fill spaces underneath aflip-chip
deviceor BGA packagemust flow readily and rapidly when dispensed at the
edgesof thechipinorder tocompletely fill thegap andfreespacesurrounding
thesolder bumps. Tobeeffective, theadhesivemust bedrawnintothenarrow
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space by capillary action. The theory behind underfilling is based on
capillary-flow behavior between closely spaced parallel plates(Fig. 2.6) by
considering the drop in pressure (p) across aliquid-vapor interface:[261127]

op_-12u0L

Eq. (2.7) ™ o

where pisviscosity of theunderfill material,histhegap height, and Listhe
length of thediesurfacetraveled by theunderfill. Theequationissolved by
separating the distance (x) and time (t) variables, resulting in:

2y cos6
Eq. (2.8 r=—

g. (2.8) hL
where y is the surface tension of the liquid-vapor interface and I is a
constant. Applicationof boundary conditionsresultedinthetime, t;, toreach
adistance, L;, between the parallel plates, of:

3ul}
Eq. (2.9) t, =
hy cos 8

where pistheabsoluteviscosity, Listheflow distanceat timet;, histhegap
under the part, 6isthewetting contact angle, and yisthe surface tension of
theunderfill-to-airinterface.

Material factors affecting capillary flow. Material, process, and
physical factorsall affect capillary flow. Material characteristicsthat affect
theflow rate of underfill adhesivesinclude viscosity, the contact anglethat
the adhesive makes with the surface, and ability to wet the surfaces.
Viscosity and contact angle are related; increasing the viscosity increases
thecontact angle, thusreducing wettability and flow. Theamount and nature
of thefillerinadhesiveformulationsal so affect viscosity and contact angle,
thehigher thefiller concentration, thegreater theviscosity. Of threeunderfill
adhesivesfrom Hysol: FP4454, FP4511, and FP4527, having contact angles
of 5°-10°, 18°-20°, and 10°-15°, respectively; Hysol FP4511 with the
highest filler content!?8l had the largest contact angle. A high filler concen-
tration, although undesirablefor capillary flow, isimportant inreducing the
coefficient of thermal expansion (CTE) of the cured material. Thus, a
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tradeoff isrequired betweenalow CTE and high capillary flow by managing
thetypeandamount of filler. Theparticlesizesof fillersal so affect theability
to underfill parts effectively. Asarule, the gap height should be twice the
sizeof thefiller particles. Thegap should bethreetimesthefiller sizewhen
parts are to be bonded to PWBs because of the greater surface roughness
of plastic-laminate boards and the fact that larger particles limit the flow
throughthegap.[231(2°]

In practice, even for highly filled formulations, the viscosity can be
lowered during the dispensing operation by heating the material or the
substrate. For example, viscosity can be lowered from atypical value of
4,000 cpsat 25°C to about 500 cps by increasing the temperatureto 70°C—
90°C.1M9I30 Aplestik’ sunderfill adhesive Abl efill ® IM 8806, whoseviscos-
ity is 4,000 cps at 25°C, is reduced to 200 cps at 80°C while Ablefill®
JM8802B falls from 6,000-9,000 cps at room temperature to 400 cps at
80°C.[3U |tisestimated that over 90%of all underfill material saredispensed
at elevated temperaturesat two adjacent edgesof achip.[32 A practical limit,
however, isreached when gelation or expiration of the pot life occursat the
dispensingtemperature.[231133]

Besidesviscosity, the surface-wetting ability of underfillsiscritical to
capillary flow. For capillary flow to occur, the underfill material must wet
the surfacesso that the advancing contact angleislessthan 90°.134 Al so, for
capillary flow, the intramolecular forces of attraction among adhesive
molecules must be weaker than the intermolecular attraction of the
adhesive for the die, the substrate, and the solder surfaces.[®® This occurs
whenthe surfacetension of the underfill islower than the surface energy of

Fully Developed h
Velocity Profile

Figure 2.6. Capillary-flow diagram showing the velocity of an advancing front of
underfill material as it flows between the two surfaces. (Copyright PennWell and
Advanced Packaging, 1999, reproduced with permission.)
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the surfaces being bonded. As arule, suitable wetting for capillary flow
resultswhen the surface energy of the substrateis 10 dynes/cm greater than
the surface tension of the underfill.[¥! The surface energy of most PWBsis
35-40dynes/cmwhileunderfill surfacetensionsareabout 25 dynes/cm.[33]

Physical factor saffecting capillary flow. Thegap height, sizeof thedie,
and free volume beneath the die all have a bearing on the efficiency of
capillary flow, and the ability to completely underfill a device in a few
seconds. Small gapsareharder tofill and requirelow viscosity adhesivesto
keep the underfill times as short as possible. To fill a 0.5-mil gap, the
viscosity of the underfill should be approximately 2,000 to 4,000 cps at
25°C. Asthegap increasesto 1 mil, viscosities can be 6,000 to 45,000 cps
and for a3-mil gap, they may be 5,000-25,000 cps. These ranges overlap
but, in practice, viscositiesof underfillsthat differ by afactor of two exhibit
about the same flow rates. Thisinconsistency is explained by the fact that
when measuring viscositiesusing aBrookfield viscometer, the shear stress
appliedistoo highto simulate capillary forces. Brookfield viscometersare
better suited to determinetheflow characteristicsof screen printabl e pastes
or highly filled, syringe-dispensible adhesives.[3¢] A more accurate test
method for capillary-flow viscosity utilizesacontrolled-stressrheometer*
wheretheshear stressiscontrolled to 10 dynes/cm and thetemperatureheld
at 90°C. Viscosities measured using the Haake Rheo equipment correlate
well withthetimerequiredtounderfill deviceshaving different gap heights.[3¢!
Figure2.7 showstheflow timesrequiredtounderfill a3-mil gapwithvarious
viscosities of Hysol® FP4430.

Thesize of thedieisafurther consideration in thetimeit takesfor the
underfill adhesivetotraversethedistanceand completely fill thegap. A plot
of the square of the distance asafunction of time producesastraight lineas
expectedfromEq. (2.9)23 (Fig. 2.8). For agivendiesize, increased viscosity
of the underfill material also increases the time to fill the gap. For high
production rates, thefill time must be as short as possible. With increasing
sizes of IC chips, this has presented a challenge. For example, thedie size
cannot begreater than 15-mmsquarefor al5-secondfill timeusing Emerson
& Cuming's E-1216 underfill adhesive (6,000 cps, 20-um filler size).
However, the die can be as large as 30-mm square if a 45 second timeis
acceptable.[29]

* For example, the Haake Rheo Stress Rheometer from Thermo Electron (Karlsruhe)
GmbH.
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Figure 2.7. Viscosity vs underfill time using controlled-stress rheometer. (Source:
Loctite.)
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Figure 2.8. Underfill time as a function of distance. (Copyright IEEE, 1988,
reproduced with permission.)

The volume of underfill must be controlled to assure complete filling
beneaththedieand somefilleting around thedie. A complex combination of
factors(gap height, contact angle, viscosity, wettability) affectstheamount
of underfill required for complete coverage. The volume of underfill (V) is
calculated based on the volume of free space under thedie(V,), thevolume
of the solder bumps (V,), and thefillet volume (V) or: V=V, - V, + V;.[%7]
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Thevolumeof thefillet, asshowninEg. (2.10) isafunction of thedielength
andwidth andthefillet height and width, aswell asashapefactor (Fig. 2.9).

Eq. (2.10) V;= {[Fillet height x Fillet width
x 2 x (Dielength + Diewidth)]
+ 173 x (Fillet width)? x Fillet height} x Shape factor

The shape factor isrelated to the type of underfill and itswetting charac-
teristics. Materialswith large contact angles have ahigh shapefactor close
to that of Fillet 1 in Fig. 2.9; a larger reservoir remains due to reduced
wetting. Allowablefilleting for dispensing takesinto account thetol erances
of chipsizeand underfill gap. A largegap allowsmorematerial toflow under
the device and less material remainsfor thefillet (shape factor Fillet 2). A
small gap leavesalarger reservoir and producesahigher fillet (shapefactor
Fillet 1). Examples of the relationship between shape factors and contact
anglesare givenin Table 2.2.[37

2.1.3 Adhesion Mechanisms

Bonding of el ectronic componentsand partsmay bemetal lurgical using
solder, other metal alloys; or eutectics, organic using polymer adhesives; or
vitreoususing glass-phaseadhesives. Polymer adhesive bonding may result
fromdirect-chemical reactions, hydrogen bonding, or mechanical interlock-
ing. In reality, bonding is quite complex and involves more than one
mechanism.

Filleat 1 —

Fillet 2 —

Substrate

Figure 2.9. Shape factors for underfill fillets. (Source: Electronics Engineer,
1998.)
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Table 2.2. Contact Angle and Fillet Shape Factors for Underfills37]

Contact Angle(°) Shape Factor

1 0.1109

5 0.3202
10 0.4739
15 0.5849
20 0.6742
25 0.7505
30 0.8187
35 0.8817
40 0.9416

Source: Electronics Engineer (1998).

Metallurgical bonding. Metallurgical bonding and interconnections
dominated the early electronics field. Tin-lead solder has been used for
decades and is till in wide use today both for mechanical attachment and
electrical connections. Examplesinclude surface mounting of components
on PWBSs, soldering the leads of cable assemblies, edge connectors and
transformersto PWBS, and attaching | eadf ramesto substratesand packages.
Eutectic alloying of silicon with gold was especialy useful initially for
bonding small transistor die and electrically connecting them. Although
solder attachments have been supplanted to a large extent by polymer
adhesives, they arestill widely usedinthelarge-scal eproduction PWAS, flip-
chipdevices, and BGA packages. M gjor limitationsof solder attachment that
have plagued the industry from the beginning include the difficulty in
thoroughly removing flux residues, most of which are corrosive; the high
temperatures (220°C—-240°C) required to apply and reflow the solder; and,
insomecases, sol der fatigueand cracking. Thelimitationsinusing eutectics
for dieattachment have been the high temperaturesrequired to interdiffuse
thegoldwiththesiliconandthestressesgenerated whenattaching largedie.

Direct bonding. Direct-chemical bonding occurs when functional
groups of a polymer react directly with functional groups of a sub-
strate.[38139 Strong covalent bonds can thus be formed between the func-
tional groupsof apolymer adhesiveandthoseof asubstratesuchasaplastic-
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laminate circuit board during the curing of the adhesive. The functional
groupshavetobehighly reactiveand hightemperaturesmay berequiredfor
this type of mechanism to occur. For this reason, and because most other
surfacesto be bonded are ceramic or metal, direct-chemical bonding isnot
amajor type. One exceptionisthe use of organosilane adhesion promoters,
a soknown assilane coupling agents. Organosilanes such asaminomethyl -
triethoxysilane form chemical bridges between a polymer and a surface
containing hydroxyl functional groups.

Adhesion promoters. For some surfaces, adhesion must be augmented
using an adhesion promoter either asaningredient intheadhesiveformula-
tion or separately asaprimer applied to the substrate prior to dispensing the
adhesive. Adhesion promoters are difunctional or multifunctional mono-
mersor oligomerswhereoneor morereactivegroupschemically bondtothe
substrate and the other reactive groups form bonds with the adhesive, thus
creating amolecul ar bridge. Because of thisbridging mechanism, adhesion
promotersareal soknown ascoupling agents. Themost widely used adhesion
promotersaretheaminoal koxysilanes, such as y-aminotriethoxysilane, and
mercaptoalkoxy silanes. The amino or mercapto groups form chemical
bondswith the polymer moleculewhilethealkoxy groups, after conversion
to hydroxyl groups when exposed to small amounts of moisture, bond
chemically to the oxide or hydroxyl groups of ceramic or metal substrates.
The more chemically active sites the substrate has, preferably hydroxyl
groups, the better the adhesion will be. A proposed mechanismisshownin
Fig. 2.10. Adhesion promotersconsist of very dilutesol utions, for example,
0.1%t0 1% by weight of the organosilanein amixture of 95% methanol and
5% water. Organosilane primers are especially effective in enhancing the
adhesion of polyimides to silicon, silicon oxide, and silicon nitride sur-
faces.[*?l Organosilanesare al so used to coat filler particlesto enhancetheir
adhesiontotheresin matrix informulating metal-filled epoxy or polyimide
adhesives.

Hydr ogen bonding. Onemechanismfor bonding highly polar polymers
to equally polar sites on substrate surfacesinvolves hydrogen bonding (H-
bonding). Hydrogen bonding occurs between the hydrogen atoms of one
molecule and the highly electronegative atoms of other molecules or of a
substrate.l*!) H-bonding is the attractive force between atoms or groups of
opposite polarities without actually forming a chemical bond. Hydrogen
atoms bond strongly to highly electronegative atoms such as fluorine,
oxygen, nitrogen, and sulfur. Thus, thehydrogen of hydroxy! groups, present
In most epoxy, polyurethane, and polyimide resins and polymers, readily
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Figure 2.10. Proposed mechanism for adhesion promotion using a silane.

bondswith the oxide and hydroxyl groups of metal oxides present on metal
and ceramic surfaces. Hydrogen bond interacti onsbetween epoxy adhesives
and epoxy-laminate or other plastic-laminate circuit boards also result in
strong adhesion. Figure 2.11 showsthe authors' concept of therolethat H-
bonding playsintheadhesion of apartially cured epoxy to an oxide surface
such asasilicon oxidelayer on asilicon substrate or an aluminum oxide of
an alumina ceramic. The figure shows several ways in which hydrogen,
oxygen, and nitrogen can participate in forming H-bonds.

Mechanical interlocking. Together with hydrogen bonding and, in
some cases direct-chemical bonding, mechanical interlocking plays akey
role in forming strong bonds. Mechanical interlocking is a mechanism
whereby alow viscosity liquid or athixotropic pastefill stheporoussurfaces
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Figure 2.11. Representation of H-bonding of epoxy to an oxide surface.

of some materialsor encapsul atesthe peaksand valleys of arough surface.
In both cases, the greater exposed surface areas compared with smooth
non-poroussurfacesprovidegreater sitesfor attachment. Examplesinclude
the nascent oxides that are present on the surfaces of metals such as
auminumor purposely formed oxidessuch astheanodizing of aluminumor
thechemical oxidation of copper. Rough surfacesal so enhance mechanical
interlocking. Adhesives form stronger bonds to a 96% aumina substrate
withasurfaceroughnessof 15-25 microinchesthantoasmooth, high-purity
99+% aluminawith aroughness of only 1-4 microinches.

Vitreous bonding. Silver-glass paste adhesives are reported to bond
by achemical reaction between the glass oxides and the oxides contained
in a ceramic substrate such as alumina. A simultaneous mechanism may
involvemelting of thelead borosili categlassphaseand fusionwiththeglass
phaseand oxidesof aceramic substrateor with oxidesof asilicon substrate.
Adhesion between the silver-glass and the backside of adie isreported to
occur by out-diffusion of silicon through the backside chromium-gold
metallization.[*?l Bonding occurs during the final temperature step in the
processing of the silver glass. At the 325°C-340°C step, the glassy phase
softens followed by liquifying, flowing, and sintering at temperatures of
410°C—430°C.[*?14 Glassdiebondingisperformedinanair or oxidizing
ambient to avoid reducing thelead oxide of theglassto metalliclead, which
then hindersthe oxide bonding mechanism.[*°]

2.2 ELECTRICAL CONNECTIONS

A second key function for adhesives is to form ohmic contacts or
electrical connections between active and passive devices, connectors,
leadframes, 1/O leads, or other electronic parts to form a circuit. Other
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applicationsfor el ectrically conductive adhesivesinclude el ectrostatic dis-
sipation and el ectrical grounding connections.

Tofunction aselectrical conductors, epoxiesand other polymer resins,
because they are inherently insulators, must be filled with electrically
conductiveparticlessuch asmetals. Thesel ection of electrically conductive
orinsulativeadhesivesisbasedlargely ontheir conductivitiesor, conversely,
ontheir volumeresistivities. Electrically conductiveadhesivesshould have
low resigtivitiesinitially and retainthoseval ueson aging, moistureexposure,
thermal cycling, and other operating andtest conditions. Theresistivitiesof
metal-filled epoxy adhesives can range from 1073 to 10-> ohm-cm. Electri-
cally insul ativeadhesivesshould havehigh volumeresistivitiesranging from
108 to 10'® ohm-cm.

221 Conductivity and Resistivity

According to Ohm'’s Law, electrical resistance isthe ratio of applied
voltage to the current between two electrodes in contact with a material.
Resistanceisdirectly proportional to thelength and inversely proportional
to the cross-sectional area of the sample asfollows:

Eqg. (2.11) R=pl/Aand p = Rwt/l

where R isinsulation resistancein ohms
| islength of the sampleincm
A isacross-sectional areain cn?
w isthewidth of the samplein cm
t isthethicknessof the sampleincm
p isaproportionality constant called the resistivity, in
ohm-cm
Itisconvenient tocompareand sel ect adhesivesintermsof their resistivities
becausetheseval uesreduceresi stancemeasurementsto acommon denomi-
nator. Volume resistivity, which is the ohmic resistance of a cube of bulk
material onecentimeter per side, isfrequently usedto comparetheelectrical
properties of both electrically conductive and electrically insul ative adhe-
sives.
Thereciprocal of resistanceisconductance, expressed asohm™or mhos,
and the reciprocal of resistivity is specific conductance or conductivity
expressed asohm2-cm2,
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2.2.2 Electrical Conductivity and Fillers

Electrically conductiveadhesivesmay beisotropic (conductionequally
in al directions) or anisotropic (conduction in the z-direction only). Both
types are widely used in the assembly and packaging of electronics.

| sotr opicconduction. Toobtainthelowest el ectrical volumeresistivities
(inthe103to 10-° ohm-cmrange) and thel owest contact resi stances, polymer
resinsmust behighly filledwith 70%—-80% by wei ght (25%—-30% by volume)
of metal particlesand must bethoroughly cured. Silver and silver alloysare
themost widely used fillersbut, in specific applications, other metal fillers
including gold, copper, nickel, and even carbon* areused. Theresistivities
of the best silver-filled epoxies used for die and chip attachment arein the
10#to0 10°° ohm-cm range. Although thesevaluesare still several ordersof
magnitude worse than pure silver metal, they are adequate for most circuit
applications.

* Carbon-filled polymers are often used to dissipate static electricity or to protect
from electromagnetic interference (EMI).

-

Resistivity (ohm-cm)

—_

Ve
Volume Fraction of Filler (%)

Figure 2.12. Percolation point (V.) for loading conductive fillers in epoxy resin.
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Inadding conductivefiller toaninsulating resin, thevolumeresistivity
changesslowly until acritical level of fillerisreached, calledthepercol ation
point. The percolation point occurs when the resistivity drops abruptly,
then continuestodropslowly (Fig. 2.12).[2°1146147] Almost continuouslinkage
of metal particlesoccursat thepercol ation point wheretypical filler volumes
for silver flakes are 25%—-30%. According to the percolation theory, there
isaminimum critical volumeof filler required for electrical conductivity in
apolymer at which each filler particle must contact two other particles. A
misconception in the use of silver flakesis that increasing the number of
contactslowersvolumeresistivity [? Actually, theconverseistruebecause,
once the percolation point has been reached, each additional contact adds
resistance. Thus, increasingtheparticlesizecanincreaseconductivity since
the total number of contacts for afixed volume decreases.[?!

Electrical conductioninfilled epoxiesoccursby current flowingthrough
and betweenthemetal particles. Shrinkage of epoxiesduring cure (approxi-
mately 3%) results in a compressive stress on the silver flake particles
promoting better parti cl e-to-particlecontact andimproved conductivity.[4¢]
Filler particles come in various shapes and sizes, for example, spheres,
flakes, fibers, or granules. Silver is normally used as flakes along with
anisometric particlesadded to provideahigher number of contact points.!4)
The optimum particle sizes and geometries are those that require the
minimum filler concentration to provide the highest conductivity.l*®! In an
evaluation by Jost, et al ., theeffect of filler sizeonvolumeresistivity was
investigated. Adhesive formulationsin which thefillers consisted of large
flakes (6-11pm) with low surface area (0.3-0.5 m?%g) had volume
resistivities two orders of magnitude lower than formulations with flakes
nearly half the size (3—7 pm) with higher surface area of 0.6-0.9 m?gm.

Optimum curing conditions are al so important in attaining the highest
conductivity. The improvementsin electrical conductivity resulting from
increasedtimeandtemperaturecureconditionsforacommercial silver-filled
epoxy adhesive are found in Table 2.3.15Y This low temperature-curing
adhesiveisusedin assemblieshaving temperature-sensitive components.

Electrical conductivities of fully cured, silver-filled epoxies are quite
stable, decreasing only slightly when measured at elevated temperatures
(Fig. 2.13, Table 2.4). Extended cures and aging at 150°C for 1,000 hours
have evenimproved their conductivities.

Anisotropic conduction. Electrical conductivity in anisotropic adhe-
sivesoccursby adifferent mechanismthanforisotropicadhesives. Although
metal fillers are also used, they are used in much lower amounts (0.5% to



62 ADHESIVES TECHNOLOGY FOR ELECTRONIC APPLICATIONS

Table 2.3. Volume Resistivity vs Cure Conditions for a Silver-filled
Epoxy Adhesivel>l

Volume Resistivity (ohm-cm)
Tem?%;alture Time (hrs)
8 16 24 48
25 - 66 0.349 0.071
Volume Resistivity (ohm-cm)
Temgifmre Time (hrs)
1 2 3 4
50 - 111 0.148 0.041
65 0.086 0.010 0.016 0.007
100 0.005 0.004 0.004 0.004
120 0.003 0.003 0.003 0.003
Data Provided by Thermoset, Lord Chemical Products.

w - o
| | |
T T L

RESISTIVITY, OHM-CM (X 10™H
n
!
T

t———————
20 40 60 80 100 120 140 180

TEMPERATURE °C

Figure 2.13. Volume resistivity vs temperature for a silver-filled epoxy paste
adhesive.
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Table 2.4. Volume Resistivities for Silver-filled Epoxy Adhesives (ohm-cm)

At 25°C after
Adhesive At 25°C At 60°C At 150°C 1000 hours at
150°C
Ablebond® 36-2@ 24x10* | 2.6x10° 2.9x 10* 1.4x 10"
®
f;)ﬂ'ﬁgond 84-1- 70x10° | 80x10° | 9.0x10° 5.0x 10°
Amicon C868-1® 34x10* | 3.8x10" 4.8x 10* 2.1x 10"
Epibond® 7002 8.0x10° | 48x10* 5.0x 10 55x 10*
Epo-Tek® H35- 4 4 | 25x10% (& 4
175M@ 2.0x 10 25x 10 125°C) 2.7% 10

@ Aplestik Laboratories, ® Amicon Corp., © Furane Products Company,
©@ Epoxy Technology, Inc.

5% by volume) so that the adhesive is essentially an insulator in the x-y
directions. On inserting the adhesive between the el ectrodes (for example,
themetal bumpsof aflip-chipdevicewithmetal padsonaflex circuit) of two
parts and applying pressure and heat, the metal particlesformazdirection
€l ectrical connectionbetweentheel ectrodeswhilethesurrounding material
remainsinsulating. The shrinkage of the polymer that occursduring curing
generatesacompressiveforce on thejointsthat setsthemin place (seeFig.
1.2). Thedependenceof thevolumefractionsof anickel filler onthex-yand
zdirections of an anisotropic film adhesiveisshownin Fig. 2.14.

2.3 THERMAL DISSIPATION

Thermal dissipationisbecoming moreimportant ascomponent densities
increase and devices operate at higher speeds and consume more power.
Semiconductor junctiontemperaturesmust bekept low to assurelong-term
reliability. Thisis especialy critical for gallium-arsenide | Cs because the
thermal conductivity of gallium arsenide(GaAs) isabout half that of silicon
andbecause GaA sdevicesoperateat higher frequenciesthansilicondevices.
The main methods for removing heat are conduction through solids or
liquids, convection by flowing cooled air or other gasover the devices, and
radiation.[53 Of thethree, conduction and convection arethe methods most
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Figure 2.14. Dependence of volume fractions of conductive filler on the electrical
conductivity of an anisotropic adhesive.[52

widely used for cooling el ectronic devices and assemblies. Adhesives play
akey rolein conducting heat from the devicesthrough several interconnect
substrate materials and interfaces and ultimately to a heat sink, a heat
spreader, or aheat exchange unit. In high-density multichip modules, there
areat least three adhesive interfaces: from die to substrate, substrate to the
inside of apackage base, and package caseto a PWB. Because the thermal
conductivitiesof unfilled polymer adhesives, and even of filled adhesivesare
low compared tometal sand ceramics, they areoftenthelimiting factorinthe
transfer of heat.

2.3.1 Thermal Conductance and Thermal
Conductivity

Heat transfer by conductionisgoverned by Fourier’ sLaw, which states
that theflow of heat through amaterial isdirectly proportional tothecross-
sectional area, thetemperature difference acrossthe material, and thetime,
but inversely proportional to the thickness of the material asfollows:
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Eq. (212)  Q=KA(T,- T)Ux

where Q istherate of heat flow or thermal conductance

A isthe cross-sectional area

T,- T, isthetemperaturedrop

t istime

X isthickness
Theproportionality constant, k, isthethermal conductivity or coefficient of
thermal conductivity, a value specific for each material and generally
reported asW/m-K by electrical engineersor as cal/sec-cm-°C by chemists
and materials engineers (cf. Appendix Il for conversion factors).

Material shaving thehighest thermal conductivitiesarethemetals, metal
aloys, and some ceramicswhile plastics, polymeric materials, and glasses
have the lowest thermal conductivities (Tables 2.5, 2.6, and 2.7).

Theflow of heat fromthejunction of asemiconductor devicethroughthe
device material and on through several layers of an interconnect substrate
may betreated asaseriesof temperaturedropsor thermal resistancesat each
interface. Thejunction-to-casethermal resistance 8, expressed in°C/watt
iswidely used inthermal analysis. Thejunction-to-casethermal resistance
isproportional to the drop in temperature from the semiconductor junction
to the case and inversely proportional to the power dissipation, thus:

Eq. (2.13) B3¢ = (T} — Tease ) Qehip

whereT;isthejunctiontemperature,”C, T, iSthecasetemperature,”C, and
Qchip isthe power dissipated from the chip, in watts. For efficient heat flow
andremoval, both thetemperaturedrop andthe ;- shouldbelow. Toachieve
this, the best approaches are:

« Selecting adhesivesthat havehighthermal conductivities.

» Usingasthinabondlineaspossible, sincethermal conduc-
tionisinversely proportional to the bondlinethickness.

¢ Avoidingthegeneration of voidsinthebondlineduetoair
or solvent entrapment.
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Table 2.5. Thermal Conductivities of Metals and Alloys Commonly
Used in Electronic Devices and Assemblies

Alloy 42 58% Fe, 42% Ni 15
Aluminum 6061 Al 237
Chromium Cr 66
Copper Cu 401
Copper-Molybdenum Cu (20%)-Mo 155
Copper-Tungsten Cu (20%)-W 248
Gold Au 318
Gold-Tin (20%) Au-Sn (80-20) 57
Gold-Platinum Au-Pt 130
Gold-Silicon eutectic Au-S 294
Indium In 78

I nvar 64% Fe, 36% Ni 11
Kovar® (iron-nickel- 53% Fe, 29% Ni, 18% 17
cobalt) Co

Lanxide Al-SiC 200
Lead Pb 34
Molybdenum Mo 130-146
Nickel Ni 90-92
Palladium Pd 70
Platinum Pt 72
Silicon S 114-125
Silicon-Germanium Si-Ge 114
Silver Ag 429
Silver-Pdladium Ag-Pd 150
Tantalum Ta 54
Tin Sn 63

Note: Vauesvary depending on the test conditions and the purity of the sample.
Ranges are based on values from several sources.

(cont'd.)
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Table 2.5. (Cont'd.)

67

Material Symbol or Thermal Conductivity
Composition WimK

Tin-Lead solder Sn-Pb (63/37) 53

Tin-Lead solder Sn-Pb (37/63) 42

Tin-Lead solder Sn-Pb (5/95) 36

Tungsten w 160

Note: Vauesvary depending on the test conditions and the purity of the sample.
Ranges are based on values from several sources.

Table 2.6. Thermal Conductivities of Ceramic and Inorganic Materials
Commonly Used in Electronic Devices and Assemblies

Material symbol Therma:}f/:grg;uctwny
Alumina (92%) Al,O3 (92%) 18
Alumina (96%) Al,0O3 (96%) 20-35
Alumina (99%) Al;0O3 (99%) 40
Aluminum nitride AIN 170-260
Beryllia BeO 250
Boron nitride BN 130-260
Borosilicate glass PbO-B,05;-SIO, 0.8
Diamond Crystalline 1,500-2,000
Diamond digg‘;.‘igg‘ (Vcﬁg) 800-1,300
Gallium arsenide GaAs 43-50
Indium phosphide InP 68
Quartz Crystalline SO, 14
Sapphire Crystalline Al,O3 32-35
Silicon carbide SC 270
Silicon dioxide SO, 1.5-7
Silicon nitride SiN 170
Note: Vauesvary depending on the test conditions, test method, and purity of the
sample. Ranges are based on values from various sources.




Table 2.7. Thermal Conductivities of Adhesives and Plastics Commonly Used in Electronic Devices and Assemblies

Thermal
Material Filler Commercial Product Supplier Conductivity
(W/mIK)
Cyanate ester adhesive Silver QMI 301 Loctite 19
Unfilled Staystik® 383 0.25-0.5
Thermopl astic adhesive Silver Staystik® 181 Cookson 3.0-35
(paste) . o Semiconductor
Alumina Staystik™ 783 Products 0.5-1.0
Aluminum nitride Staystik® 282 1.0-15
Unfilled Staystik® 482 0.25-0.5
Silver Staystik® 581 Co 3.0-35
. . okson
;I;ihlir)noplastlc adhesive Alumina Staystik® 832 Semiconductor 05-1.0
Boron nitride Staystik® 1172 Products 8.0-10.0
Aluminum nitride Staystik® 682 1.0-15
: Ablebond® 84-1 LMI , 25
Silver SR4 Ablestik
Silver (special | 7\ etherm® 2600BT Ablestik 20
Epoxy paste adhesive carrier)
Silver ESP 8680-WL Al Technology 8
Silver ME8456-ML2 Al Technology 6.5
I 1 [~
Silver KO 110 Loctite 3.k (cont'd.)




Table 2.7. (Cont'd.)

Thermal
Material Filler Commercial Product Supplier Conductivity
(WImK)
Gold Epo-Tek® H43 Epoxy Technol ogy 1.7-2
Gold Ablebond® 85-1 Ablestik s 20
Epoxy paste adhesve Copper Tru Bond 215 Devcon 0.98
Diamond ME 7156 Al Technology 115
Alumina Ablebond® 84-3 MVB Ablestik 0.50
Alumina MEE 7655 Al Technology 18
Low stress epoxy paste , -
Alumina Prima-Bond ME 7155 Al Technology 1.7
. Silica LCA4-BAS Bacon Industries 0.83
Epoxy adhesive — ®
Boron nitride Epo-Tek™ 930 Epoxy Technology 41
Low-stress epoxy preform, . -
thermally conductive Aluminum nitride ESP8450 Al Technology 3.6
conductive Glass fabric Ablefilm® 5020K Ablestik L 0.70
. Glass fabric .
Epoxy-glass laminate reinforced FR-4, G-10 Various 0.2-0.3
MCOT adhesive Alumina MC 723 Ablestik 1.0

(cont’d.)



Table 2.7. (Cont'd.)

Thermal
Material Filler Commercial Product Supplier Conductivity

(W/mK)
Polyimide paste adhesive Silver Ablebond® 71-1 Ablestik Labs 2.0
Bismaleimide paste adhesive Boron nitride QMI 536 HT Loctite 0.9
Bismaleimide paste adhesive Silver QMI 550 EC Loctite 3.6
Bismaleimide pagte adhesve Teflon QM1 550 Loctite 0.2
Polyimide coating Unfilled 2611D DuPort 0.2
Polyimide-glass laminate ?Lﬁ;fgéc Various Various
Polyurethane Unknown Flexobond 442 Bacon Industries 0.86
Silicone paste adhesive '*(L%rl‘('r{;\;'v'ne)d Ablebond® 12-1 Ablestik Labs 1.25
Silicone paste adhesive Unknown S-6605 Dow Corning 0.85
Silver-glass paste adhesive Silver JMI- 5160 Ablestik Labs 78.3
Silver-glass paste adhesive Silver Ablebond® 2005 Ablestik Labs. >90
Silver-glass paste adhesive Silver QM1 3555R Loctite >80

Note: Vauesarethose reported in suppliers’ data sheets. Please contact the supplier for valuesto be used in specifications.
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2.3.2 Thermal Conductivities of Adhesives

Unfilled polymer adhesives are inherently thermal insulators. Their
thermal conductivitiesrangefrom 0.1 to 0.3 W/m-K .[54[5% By formulating
resinswithmetal, metal oxide, or inorganicfillers, thermal conductivitiescan
beincreased tenfold or better. Commonly used metal fillersinclude silver,
gold, nickel, and copper. Theuse of metal fillers, however, alsorendersthe
adhesivee ectrically conductiveandisnot suitablewhereelectrical insula-
tionorisolationarerequired. Commonly usedinorganicel ectrically noncon-
ductivefillersincludealumina, silica, beryllia, aluminum nitride, and cubic
boron nitride. Method 5011 of MIL-STD-883 specifies 1.5 W/m-K as a
minimum thermal conductivity for electrically conductive adhesives and
0.15W/m-K for electrically insul ativeadhesi ves. Somerecent epoxy formu-
lationsfilled with diamond particlesor with cubicboron nitridearereported
to have thermal conductivities as high as 11.5 W/m-K, for example,
diamond-filled epoxies.I> Furthermore, somesilver-filled epoxiesarere-
ported to have thermal conductivities as high as 7-9 W/m-K (Table 2.7).

In addition to thetype of filler, thermal conductivity depends on many
other factorsincluding the amount of filler used, whether it isby weight or
by volume, itsform and size, the surfacetreatment of thefiller particles, the
completeness of cure, and the test conditions used for measurement. Test
methods are described in MIL-STD-883, Method 1012.1 and in ASTM
C518.1571158]

2.3.3 Effect of Fillers on Thermal Conductivity

The conductivities of adhesives can beincreased by formulating them
withthemaximum amount of thehighest thermal filler. Thermal conductiv-
ity increasesmodestly, upto afiller level of approximately 70% by weight,
then increases significantly, suggesting a percolation threshold similar to
that for electrically conductive adhesives discussed in Sec. 2.2.2. Assuch,
viscosity alsoincreasesrapidly at about 70%filler loading (Fig. 2.15). With
filler levels above 80% by weight, the adhesive becomes so viscousthat it
cannot beeasily dispensed. Evenwith such highfiller loadings, thethermal
conductivitiesof theformulationsarestill far below those of thefiller itself
(Tables 2.5-2.7). Advancements in this areawill be required to meet the
thermal requirementsfor the next generation of high-density circuits. The
thermal conductivity (K,) of afilled adhesive may be predicted from the
Lewisand Nielsen model .[6°)
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Figure 2.15. Percolation threshold of thermally conductive fillers.[59]

Eq. (2.14) K, =K, HABe,
1-Bog,

where K. isthethermal conductivity of thecontinuousphase(the
polymer matrix) (typically 0.2 W/m-K)
A isthe shape parameter that increases with aspect ratio
@, isthevolumefraction of thefiller
@, isthemaximumfiller level whilemaintai ningacontinu-
ous matrix phase (packing factor)
@ iscaculatedfrom g,andthepackingfactor @,asinEq.
(2.15)

Eq. (2.15) p=1+ ;pé‘*“ E%

Biscalculated fromtheratio of thermal conductivitiesof thetwo phases
and Aasin Eq. (2.16).
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K, -1
0 Ke O
%Kf +A

whereK; isthe thermal conductivity of thefiller.
Graphs of the actual and predicted thermal conductivitiesfor asilver-
filled epoxy composition are showninFig. (2.16).

Eq. (2.16) B=

I:IDIIH_.H_H_\I:I

I:D]]:I
BH%DD m

Formulation:

Epoxy and Curative
Metal Filler Mix
30% V-9 Silver
70% Ag Plated Copper Beads

w
(=]

o
[=)
T

Nielsen
Predicted

—_
o

Actual

Thermal Conductivity (BTU/hr ft°F)

0 L 1 1 1 1 1 1 1 1
0 20 40 60 80 100
% Filler by Weight

Figure 2.16. Predicted thermal conductivity using the Nielsen Model compared
with actual data. (Copyright Adhesives Age, 1989, reproduced with permission.)



74 ADHESIVES TECHNOLOGY FOR ELECTRONIC APPLICATIONS

2.4 STRESS DISSIPATION

A function of adhesivesthat is becoming increasingly important isto
absorb and dissipate stresses produced in electronic assemblies due to
changes in environmental conditions or accelerated testing. The need for
stressabsorbing and di ssi pating adhesiveshasincreased with advancements
in microelectronics. Some advancements requiring low-stress adhesives
are:

» Theintroductionof large-chipdevices(upto 1-insquare).

* Anincrease in the number of 1/0s per device (over 500
microbumpsfor flip-chips).

e Useof thinnedsiliconor GaAsdie(aslow assevera mils).

» Greater useof fragilecomponents(glassdiodes, fiberoptics,
MEMYS).

Inaddition, there has been greater use of flexiblecircuitry and foldable
flex circuitsrequiring acorresponding degreeof flexibility intheadhesives
used. For these applications, solders or other metallurgical attachment
materials have often failed dueto cracking, delamination, el ectrical opens,
or changesinelectrical parameters. Someof thesefailuresoccurimmediately
after assembly while others are induced on aging, temperature cycling,
vibration, thermal or mechanical shock, or exposure to moisture. A major
conditionfor failuresisalarge mismatchinthe CTEsof adherendsbonded
with high-modulus material s and subjected to large temperature extremes.

Adhesives formulated from flexible, elastomeric-type resins are now
commercially available and effectively used to dissipate stresses. They are
low-stress or “no-stress’ adhesives that have alow-modulus of easticity.
Several guidelinesthat can befollowedtoreducestressesarethefollowing:

« Selectinganadhesivethat hasalow shrinkageduring cure
(<3%).

» Selecting an adhesivethat after curing matchesthe CTES
of the adherends as closely as possible.

» Selectinganadhesivethat hasalow modulusof elasticity.

« Moderating the cure conditions, for example, employ a
step cureinstead of arapid high-temperature shock cure.

* Selecting an adhesive whose T, lies below or above its
expected operating or testing temperature.
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2.4.1 Thermal Expansion and Stresses

Thedegreeof linear or volume expansion of amaterial withincreasing
temperatureisanimportant thermomechanical parameter in predicting and
assessing stresses. The coefficient of thermal expansion (CTE), theamount
of expansion that a material undergoes during a temperature change, isa
ratio of the change in length per °C to the length at 0°C asfollows:

Eq.(217)  lr=l,(1+aT)

where | isthe length at temperature, T, | isthe length a °C, and a isthe
coefficient of thermal expansion (CTE). Coefficientsof thermal expansion
are reported as cm/cm/°C or, more generally, as unit/unit/°C or ppm/°C.
CTEs vary with temperature and are usually reported for a temperature
range. Thecoefficientsof volumeexpansion aregenerally threetimesthose
for linear expansion.

A knowledge of the CTEs of materials being bonded and of the
attachment materials is extremely important in predicting and avoiding
stresses dueto large mismatchesin expansi on during temperature changes.
Use of arigid, high-modulus of elasticity material to join membersthat
havelargedifferencesintheir CTEsinvariably resultsinwarpage, cracking,
and delamination. Conversely, material shaving closely matched CTEssuch
as small silicon die (CTE = 2.6-3.0 ppm/°C) can be attached reliably to
Kovar® |eadframes (CTE = 5.1-5.5 ppm/°C), even with high-modulus
adhesives. Withtheintroduction and wider use of copper leadframes(CTE
=16-17 ppm/°C), only thelow-modulus, low-stress adhesives can be used
without delamination at the dieinterface or sometimes cracking of thedie.

Low-stress and stress-dissipating adhesives were also found to be
essential asunderfillsfor flip-chipbonded devices, chip-scal epackages, and
BGA packages. Underfill adhesives are designed to protect solder-ball
interconnectionsby minimizing the stressand strain caused by mismatches
in the CTEs of the adherends, especially during temperature cycling. In
effect, theunderfill bondsthelower-CTE, high-modulussilicon chiptothe
higher-CTE, lower modulus substrate (typically a plastic-laminate circuit
board or aceramic interconnect substrate).[8 Theresult isthat the bonded
surfaces assume a “composite” CTE, constraining the substrate modulus
with the high stiffness of silicon. Theunderfill a so protectsthe part during
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shock and vibration.!% | deally, onewoul d sel ect al | material swith matched
or closely matched CTEs, but this is seldom possible in practice. Thus,
flexibleadhesiveshavinglow moduli areused and, although they may have
moderateto high CTEs, are ableto absorb and dissipate stresses produced.
Themoduli for low-stressor no-stressadhesivesrangefrom approximately
15,000 psi to 30,000 psi at 25°C. Coefficientsof thermal expansionfor some
non-organic materials and organic materials commonly used in electronic
assembliesaregivenin Tables 2.8 and 2.9.

Table 2.8. Coefficients of Thermal Expansion for Some Non-Organic
Materials Used in Electronic Assemblies

Material CTE, ppm/°C
Alumina ceramic 5.6-6.7
Alumina, 92% 7
Alumina, 96% 7.7,6.6
Aluminum 235
Aluminum nitride 3844
Beryllia 4.7
Chromium 49,6.3
Copper 16-17
Copper-tungsten (20% Cu) 6.5-8.3,7.0
Copper-mol ybdenum (20% Cu) 5.8-83,7.2
Diamond, single crystal 11
Diamond, CVD 04-15
Gallium arsenide 6.86, 5.9
Glass, borosilicate 3.24-45
Gold 141
CTE values were collected from various sources. Ranges of vaduesor different values
aredueto differences in test methods, test conditions or purity of the sample.

(cont'd.)
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Table 2.8. (Cont'd.)

Material CTE, ppm/°C
Indium phosphide 4,75
Invar 0.64,15
Kovar® 5.1-5.5
Lanxide (Al-SIC) 6.7-7.3
Lead 29
Molybdenum 4.8
Nickd 7.8,13.3
Palladium 11.8
Platinum 8.9
Quartz (crystaline SIO,) 0.3-0.5
Sapphire (crystalline Al,O,) 55
Silicon 2.6-3
Silicon carbide 2.8
Silicon-germanium 4
Silicon oxide (fused) 0.5
Silicon nitride 2.3
Silver 19.1
Tin 20
Tin-lead solder (60-40) 24.6
Tungsten 4.5
CTE values were collected from various sources. Ranges of vadues or different values
aredueto differences in test methods, test conditions or purity of the sample.




Table 2.9. Coefficients of Thermal Expansion and Glass-transition Temperatures for Some Adhesives and Plastics Used

in Electronic Assemblies

. . o CTE,<Ty, | CTE,>T,,

Adhesive Type Product Supplier Ty, °C ppm/°C ppm/°C
Hybrid chemigry paste, stress
absorbing, electrically conductive, Ablebond® 2000 Ablestik 59 65 200
very low moigure absorption
Electrically conductive, polyimide
adhesive for high bond strength at Ablebond® 71-1 Ablestik 240 41 -
elevated temperatures
Epoxy paste, electrically conductive, ® o .
high-temperature stable Ablebond”® 84-1LMISR Ablestik 120 40 150
Hybrid chemigry pagste, highly ® . i
electrically and thermally conductive Abletherm™ 2600K Ablestik 68 36
Hybrid chemigtry paste, highly ® .
electrically and thermally conductive Abletherm® 2600BT Ablestik 41 40 70
Epoxy paste, electrically insulative, .
high-temperature stable Ablebond® 84-3 Ablestik 85 40 100
Electrically insulative, fast curing,
modified cyclo-ol efin thermoset Ablebond® MC723 Ablestik 75 48 99

adhedve

(cont'd.)



Table 2.9. (Cont'd.)

cure bismaleimide paste

. . . CTE, <T,, CTE, >Ty,

Adhesive Type Product Supplier Ty, °C ppm/°C ppm/°C
Electrically conductive epoxy paste
adhesve for low-gress and in-line MES8418-DA Al Technology 80 40 -
dieattach
Thermopl astic epoxy paste, unfilled Staystik® 182 Cookson Electronics 98 - -
Thermoplagtic epoxy pastes, filled Staystik® 281,782,382 | Cookson Electronics 98 - -
Fast curing, electrically conductive T, ®
epoxy paste adhesive Epo-Tek™ H20E Epoxy Technology 100 31 120
Electrically conductive polyimide Tel® P i
die-attach adhesive (screen printable) Epo-Tek™ P-1011 Epoxy Technology 180 37
Thermally conductive and high- Tl ® i
purity dual T, epoxy die-attach paste Epo-Tek™ H65-175MP | Epoxy Technology | 80, 150 55 165
Electrically condug:n ve, high-purity, Hysol® KO 110 Loctite 78 57 )
snap-cure epoxy die attach
Electrically conductive, low-stress
bismd eimide die-attach adhesive QMI 534 Loctite -35 87 171
with ultra-fast cure
Highly thermally conductive, snap- QM1 536HT Loctite 4 66 177

(cont'd.)




Table 2.9. (Cont'd.)

) . o CTE,<Ty | CTE,>Ty,

Adhesive Type Product Supplier Ty °C opm/°C 0pm/°C
Electrically conductive cyanate-ester :
high-throughput adhesive QM1 301 Loctite 245 45 85
Electrically conductive paste MD-110 Thermoset 60 56 )
adhesive
Flectrically conductive paste MD-140 Thermoset 80 32 :
Epoxy fjl m, unsupported, electrically Ablebond® 5025E Abl estilf %9 65 150
conductive Laboratories
Epoxy film, thermally conductive and @ Ablestik
high purity Ablefilm® 5020K L aboratories 109 45 270
Epoxy film, thermally conductive, for @ Ablestik
gold surfaces Ablefilm® 550 L aboratories 102 50 300
Flexible rubber-modified epoxy film, @ Ablestik
thermally conductive Ablefilm™ 561K Laboratories 55 85 300
Flexible rubber-modified epoxy film, @ Ablestik
electrically conductive Ablefilm” ECFS61E Laboratories a7 100 380

(cont'd.)




Table 2.9. (Cont'd.)

) . o CTE, <Tg, CTE, >Tg,
Adhesive Type Product Supplier Ty °C opm/°C opm/°C
Dielectric epoxy film, highly .
thermally conductive ESP 7676-HF Al Technology 80 40 100
Dielectric epoxy film, thermally :
conductive ESP 7675-HF Al Technology 80 40 100
Thermoplagtic epoxy films, . : i i
electrically and thermally conductive Stay<tik® 581, 682, 882 | Cookson Electronics 98
Thermoplagtic epoxy film, unfilled Staystik® 482 Cookson Electronics 98 - -
12-18 (X,
Epoxy Ponphenerne Oxide—E Various Various 180 xy) )
glass™? 150-170 (2)
13-18 (%,
Epoxy glass |aminate™? FR-4, E-glass, G-10 Various 140~ () -
200 55-100 (2)
6-8 (X,
Epoxy - Aramid, woven™? Various Various 140(5 (x) -
180 90-150 (2)
7-9 (%,
Epoxy - Aramid, nonwoven®® Various Various 140~ () -
180 80-110 (2)
13-17 (x,
Polyimide- E-glass laminate®®) Arlon® 33N Arlon >250 () -
45-75 (2)

(cont'd.)




Table 2.9. (Cont'd.)

, . o CTE, <T,, CTE, >T,,
Adhesive Type Product Supplier Ty °C ppM/°C ppm/°C
Polyimide — quartz® Various Various >250 | 6-8(xy) | 34(2 -
Polyimide — Aramid®® Various Various >250 1(?(_ ;)5 4-100 (2) -
Polyimide — Aramid? Various Various >250 | 7-9(xy) | 75-95(2) -
Polyetherimide-glass® ULTEM® 2300 GE 215 23 (x,Y) - -
Cyanate ester — E-glass®” Various Various >230 %:}1/;) 45-55 (2) -
Cyanate ester — S-glass®" Various Various 230 ?;i/? 40 (2) -
PTFE —woven glass® GX Rogers N/A 15 (x,y) 200 (2) -

(1) Hu, M., Choosing Laminates, Advanced Packaging, p. 1617, (Fall 1993); (2) www.istrep.com/Downloads/PWB%20Properti es.doc; (3)
Non-woven Aramid Reinforcements: Controlled Thermal Expansion Prepreg and Laminate for Printed-Wiring Boards, Nepcon West, New
Substrates, Sessions TS-01 and 00, (Mar. 27, 1995); (4) Thermount Applications Guidelines, Arlon Maerials for Electronics Division
(undated); (5) Arlon 33N product data sheet, 0901-R1 (2000); (6) www.boedeker.com/ultem/p.html; (7) Markstein, H., MCM-L Offers Easiest
Path to High Performance, Electronic Packaging and Production, pp. 48-51 (Dec. 1993); and (8) Comparing Circuit-Board Materials for DBS
Applications, Rogers Corp. brochure (undated)
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2.4.2 Glass-Transition Temperature and Stresses

In plotting the expansion of a polymeric material as a function of
temperature, thereisatemperatureat which an abrupt or significantincrease
in expansion occurs. This temperature, known as the glass-transition
temperature (T,), isthetemperature that correspondsto theintersection of
linesdrawntangent totheleading baselineandthe steepest portion of thepost
transition curve. Figure 2.17 is a generalized thermal expansion curve
showing theinflection point at which the T, occurs.

Atthe Ty, amaterial change occursfrom asolid rigid glassy stateto a
soft amorphous state. The polymer molecules are transformed from a
somewhat ordered state to a random state of high molecular motion. The
changein CTE at the T, canbetwotofivetimesgreater thanitsvaluebefore
the Tg isreached and can induce major stresses. For this reason, adhesives
suppliersshould report the T, for each adhesive and the CTEsfor tempera-
tures below and abovethe T . Generally, suppliersreport two CTE values:
a, from -55°C to the T, and a, from the T to 155°C.

Region of the 02

Glass Transition //

/ ’

o

Expansion, mm

Temperature, K

Figure 2.17. Generalized thermomechanical analysis curve for epoxy adhesive.
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The glass transition is a second-order transition, that is, the second
derivativeof thefreeenergy function. Incomparison, afirst-order transition,
suchasthemelting of amaterial, isthefirst derivative of Gibbsfreeenergy.
The equation used to determine the glasstransition!®¥ is:

Eq. (2.18) %7 é %WTD%?T HE

isthe expansion coefficient
isvolume

iSpressure

istemperature
isGibbsfree energy

J;JD

where

OH41v<AQ

The glasstransition occurswhere a changes abruptly from alow to ahigh
value. It is determined by monitoring either dimensional changes over a
temperaturerange[for exampl e, by thermomechanical analysis(TMA) or by
measuring heat flow using differential -scanning cal orimetry (DSC)].

2.4.3 Residual Stresses

Residual stresses are the result of shrinkage of the adhesive during
curing and polymerization and during the cool-down from the curing
temperature to room temperature. Residual stresses may be quantified by
measuring the warp that resultsin a substrate from curing the adhesive on
the substrate. One method isto cal cul ate the bending stressfrom theradius
of curvature where bending stress, §,, isdefined as:

Eq. (2.19) - =N

whereEisY oung’ smodulus, yisPoisson’ sratio, histhebondlinethickness,
andRistheradiusof curvature.[® A highradiusof curvatureindicatesalow
stressinthebondline. Theradiusof curvatureiscal culated by measuringthe
amount of warp. Radlii of curvature of 2,000 mm or more are possi blewhen
bondingsilicon|Cstosilver-plated copper |eadframeswith stress-absorbing
epoxy adhesives6]
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A practical test to measure the effects of residual stressisto measure
the out-of-plane deformation or warpage of a substrate upon which the
adhesive is cured; the greater the warpage, the greater the stress, and the
lower theradius of curvature. In one example, a300-mil-squaresilicondie
bonded with an electrically conductive epoxy to a copper leadframe,
produced 10-um warp after cure. Exposure to subsequent processing
temperatures from wire bonding and over molding with epoxy further
increased thewarpageto 13 um. Thewarp further increased to 32 umwhen
alarger die (500-mil square) was used.[®®! The warp test has been used by
formulatorsto devel op and eval uate new low-stress adhesives.

A one-dimensional model of stress buildup in silicon devices over a
temperature range is given by the following equation:[6”]

Eqg. (2.20) Og = & xEy=(a,-ag) X Ey x AT

where oy isthestressonthesilicon
g, isthestrain of the adhesive
E, ismodulusof theadhesive
a, istheCTE of theadhesive
ag isthe CTE of silicon
AT isthetemperaturedifference

Sincethe coefficientsof thermal expansion below the T, for most adhesives
range from 25-100 ppm/°C and are greater than the CTEs of the device or
substrate materials, stressesin bonded partsare compressiveonthedieand
substrate and tensile on the adhesive.

Another equation for maximum stressin rectangular devicesaddresses
differencesin both coefficients of expansion and moduli asfollows:[®!

E.E.olL

(Eq 221) Smax = K(asub _aSi )(TO _T) X

where S, 1Smaximum stress
K isageometric constant related to shape and filleting
Oy, isthe CTE for the substrate
ag istheCTEforthesilicondie
E, isthemodulusfor theadhesive
Eyp isthemodulusfor the substrate
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islength of thedie

isthe bondlinethickness

is the cure temperature

isthe application temperature

—|o_|>< r

Insummary, thestress(typically at theedgeof thedi€) increaseswithdie
size, modulus of the adhesive, temperature, differencein expansion coeffi-
cients, andincreasing bondlinethickness.[*4

Finite-element analysis has al so been applied to predict internal stress
distributionsandto hel p explain stresstransfer mechanismssuch asshrink-
ageduring cure.!]

2.4.4 Effect of Curing Conditions on the Glass-
Transition Temperature

Curing apolymer resinviapolymerizationinvolves several stages. For
an epoxy resin cured with ahardener, viscosity increasesas crosslinking of
the monomer units occur. At some time-temperature condition, gelation
occurs whereupon the mass becomes semisolid and rubbery. With further
crosslinking and increasing molecular weight, the gel convertsto aglassy
solid stage (vitrification).

Gillham[70-{72] developed a time-temperature transformation (TTT)
diagram (Fig. 2.18) to represent the curing process. The TTT diagramisa
plot of thelog of time on the x-axis versusthe curing temperature on the y-
axis. Therearefivedistinct regionsin the diagram:

e Liquidregion
» Ungelledglassy region
» Gelled glassy state
» Gelledrubberyregion
» Charregion
The graph shows three critical temperatures:
Ty © themaximum T, of the fully cured material

Gel T, : thetemperature at which gelation and vitrification
occur simultaneously

: the T, of the mixed reactants, corresponding to a
minimumcure
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Figure 2.18. Time-temperature transformation diagram (TTT).["3!

Inisothermal cures, at temperatures between the gel T, and T, theresin
undergoesgel ationfollowed by vitrification. Since T, isafunctionof boththe
degree of cureand thecross-link density, it increasesto apoint at which all
polymer reaction sites have been consumed. At that point, the T, reachesa
plateau and does not increase further with temperature until the decompo-
sitiontemperaturewhereachar regionoccurs(Fig. 2.18). Anexampleof the
effect of cure conditions on T, and CTE val ues was shown by Konarski [74]
who varied the cure cycles of an anhydride-cured epoxy from 130°C to
175°C asshownin Table2.10. Thevalueof T, continued to increasewhile
the expansion coefficient decreased with increasing cure temperature.

The dependence of curing temperature and time on the T, and on the
flexural properties of an experimental anhydride-cured epoxy containing
73% by weight silicafiller was also demonstrated by differential-scanning
calorimetry (DSC). Flexural strength and moduluswere measured at 80°C
according to ASTM D790.[”! Figure 2.19 shows the increase in T, with
increasing cure temperature and time. The epoxy, cured at 140°C for 50
minutes, had a Tg of 150°C. However, increasing the cure conditions to
165°C for 90 minutesraised the T, to 185°C. The benefit of increasing the
curescheduletoimprovethe T, reached amaximum at about 170°C for this
particular formulation. Overcuring, whichresultsin excessivecrosslinking
and embrittlement, only slightly affected the T, but degraded both the
flexural strength and modulus. Figures 2.20 and 2.21 show the effects of
cure conditions on modulus and flexural strength.
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Table 2.10. Effect of Cure Schedule on T, and CTE for an Epoxy
Adhesivel™

Cure Schedule T, (°C. by TMA) CTE
(°C/hours) ' (25-100°C, ppm/°C)
130/2 117 229
146/2 127 23.8
160/2 137 26.3
175/2 146 24.3

Time {minutos)

0
130 140 150 180 170 180
Temperature {°"C}

Figure 2.19. Plots of T, (°C) vs cure conditions. (Source: Dexter Hysol, now
Loctite.)[75]
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Modulus at 80°C
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Figure 2.20. Plots of modulus (Mpsi) vs cure conditions. (Source: Dexter Hysol,
now Loctite.)["

80°C Strength

100- /////”’

Time (minutes)

130 140 150 160 170 180
Temperature (°C)

Figure 2.21. Plots of flexural strengths (psi) vs cure conditions. (Source: Dexter
Hysol, now Loctite.)["3!
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2.4.5 Effects of Gelation and Curing Conditions on
Stresses

In addition to the cure temperature and time, the manner by which an
adhesive is cured affects its thermomechanical properties and stresses.
Stressesaregreatly reduced by step curing, that is, by allowingtheadhesive
to gel at atemperature significantly lower than the final cure temperature.
K onarskil” found that apre-gel prior tofinal curecyclesof 130°Cto175°C
lowered both the CTEs and stresses compared with samples that were not
pre-gelled. The pre-gel step allowsthe polymer chainsto “anneal” prior to
full cure. Step curing is often used for flip-chip underfill adhesives where
stressreductionisimportant in preventing solder ball interconnect fail ures,
especialy for large|ICs.
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3 Chemistry, Formulation,
and Properties of
Adhesives

Adhesivesareused in awiderange of el ectronic applicationsand must
withstand diverseenvironmentsfrom benign officeconditionsto severelong-
termmilitary, space, and automotiveenvironments. A design engineer must,
therefore, have a basic understanding of the chemistry and properties of
adhesivesin order to make the right selection. Knowledge of the polymer
resins, polymerization and curing mechanisms, and formulations and their
bearing onthedesired el ectrical, mechanical, and thermal propertiesassures
thereliability of thefinal product.

Epoxy adhesives are the most widely used and most versatile of the
polymer types. They combine numerous desirable properties including
adhesive strength, thermal stability, reparability, dielectric properties, and
retention of the propertiesunder high thermomechanical stressesand envi-
ronmental exposures such as humidity. Through the choice of hardeners,
catalysts, fillers, and other additives and by controlling the degree and
method of curing, properties can be altered and tailored for a specific
application. Silicones meet the needs for very high and low temperature
extremes and, because of their low moduli of elasticity and flexibility, are
abletodissipatestressesand dampenvibration. Other polymersareal so used
for specific applications, for example:

« Polyurethanefilletsfor vibration damping.

» Thermoplastic filmsfor multilayer flexiblecircuits.

» Polyimides, cyanateesters, andsilver-glassfor single-die
attachment in single packages.

» Moaodified cyclo-olefin thermosets for |ow-moisture-ab-
sorbing chip attachments.
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3.1 CHEMISTRY

Thebasic chemical reactions, used to synthesizemonomer and polymer
resinsand the chemistry involved in the use of curing agentsto polymerize
the resins, have been extensively studied and are well documented. This
section servesasasummary only of those polymersthat are primarily used
inadhesivesformul ationsfor el ectroni c applications. Among these polymers
are the epoxies, silicones, polyurethanes, polyimides, acrylates, cyanate
esters, and cyclo-olefins. Further technical detail for thesepolymersmay be
acquired through literature searches in the transactions of the American
Chemical Society (Polymer Group), Society of Plastics Engineers (SPE),
and the Society for the Advancement of Materials and Process Engineers
(SAMPE).

3.1.1 Epoxies

Epoxy adhesives arewidely used in el ectronics assembly and packag-
ing.l They are formed by polymerizing epoxy resins having one or more
terminal glycidyl ether (epoxy) groups with a variety of curing agents,*
hardeners, or catalysts.

Epoxy resins. Most commercially available epoxy resinsare based on
the diglycidylethers of bisphenol-A, bisphenol-F or other phenolic com-
pounds. A secondfamily of epoxy resins, a so usedin adhesiveformulations,
isbased on epoxidized ol efin compoundssuch asepoxidized pol ybutadiene
or cycloaliphatic olefins (Fig. 3.1).14-% Epoxy resins based on the
diglycidylether of bisphenol-A (DGEBA) having viscositiesbetween 8,000
and 20,000 cps are most commonly used in formulations for adhesives,
coatings, laminates, and encapsul ants. TheDGEBA resinsareformedwhen
an excess of epichlorohydrin reactswith bisphenol-A inthe presence of an
alkali suchassodium hydroxide (Fig. 3.2a). The mechanism of epoxy resin
synthesis involves a step-growth polymerization. Initially, the hydroxyl
anionfrom sodium hydroxideabstractsahydrogen atom from thebisphenol -
A (Fig. 3.2b). Theintermediateanion next displacesthe chlorineatom from

* Curing agent is often used interchangeably with hardener and catalyst. Strictly speaking,
curing agent is the broader term encompassing both hardeners and catalysts. A hardener
is a curing agent that reacts with a resin and becomes part of the polymer through
crosslinking while a catalyst is also a curing agent that initiates polymerization of the
resin, but does not become part of the final polymer structure.
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Figure 3.1. Main epoxy resin structures.
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Figure 3.2. (a) Epoxy resin synthesis: generalized reaction; (b) reaction of
hydroxyl group of NaOH with proton; (c) displacement of the chlorine atom by the
hydroxyl group; (d) chain propagation; (e) termination step.
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Figure 3.2. (Cont'd.)

theepichlorohydrinto producethebisphenol-A intermediate (Fig. 3.2¢). The
reaction may terminate there with pure DGEBA being produced or may
continue to produce higher molecular weight polymers, depending on the
ratio of bisphenol-A to epichlorohydrin used (Fig. 3.2d). Finally, an excess
of epichlorohydrinterminatesthereaction, again by anucleophilicdisplace-
ment (Fig. 3.2e). Because of the retention of sodium chloride, aby-product
of thesynthesis, theresinmust be purified either by molecular distillationor
by repeated extractionswith deionized water.

The extent of reaction, p, is determined from the initial amount of
monomeric material, N,, and theamount remaining, N, after time, t, where
N, —N; is the amount of monomer converted.

Eq. (3.1) p=—09 t

Since molecular weight is a function of the number of repeating

monomer units, x,, the average molecular weight, M,,, isgiven by:

Eq. (3.2 M, = MyX,

where M, is the monomer weight. Since X, = N,/N,, the degree of
polymerization and the number of repeating unitsarerelated by:
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1

Eqg. (3.3) O

Based on the generalized formula (Fig. 3.2a), pure diglycidylether of
bisphenol-A has arepeating unit value of n = 0. Other epoxy resinshaven
valuesranging from lessthan 1 to 18.1% Epoxy resinshaving nvaluesfrom
Oto laretypically liquids, whilethosewith valuesgreater than 1 are solids.
The Dow Chemical Company “ 300 series’ epoxy resinshaven valuesless
than 1; for example, the value of nfor DER 331is0.15.[8 Examples of the
main epoxy resins used in adhesive formulations are given in Table 3.117]

Curingof epoxy resins. Epoxy resinsarecharacterized by their epoxy-
equivalent weights (EEW), that is, the weight of resin per epoxy group.
Thus, DGEBA, which hasamolecular weight of 340 grams and two epoxy
groups, would have an epoxy equivalent weight of 170 grams. Epoxy-
equivalent weights are important in calculating the stoichiometric (theo-
retical) amounts of hardeners or curing agents needed to achieve optimum
polymerization. With amine-curing agents, it is customary to allow one
epoxy group for each active hydrogen of the amine compound. The cal cu-
lated amount should then producenearly optimum propertiesinthepolymer-
ized epoxy. Non-stoichiometricamounts, for exampleinusingexcessamine,
tendto stop chain building and producelow-molecul ar weight polymersthat
tend to be brittle. On the other hand, too little amine results in incomplete
cure.l4 The optimum ratios of commercially available two-part epoxy
adhesiveshavegenerally been cal culated and experimentally verified by the
supplier so that the user needs only to follow hisdirectionsfor mixing and
curing.

Epoxy resins may be cured with a wide variety of curing agents, in
general, any compound that has alabile hydrogen atom or hydroxyl group.
These may be amines, polyamides, carboxylic acids, anhydrides, imida-
zoles, or amide-amines. Ingeneral, almost any compoundthat hasareactive
hydrogen can react with the oxirane (epoxy) ringsand initiate the polymer-
ization process. Compoundsthat can donate el ectrons such as L ewis bases
or accept electrons such as Lewis acids may also be used as catalysts.
Examples of typical epoxy-curing agents are given in Table 3.2.[€191[10]
Advantages and disadvantages of various epoxy-curing agents are com-
pared in Table 3.3.111



Table 3.1. Epoxy Resins Used in Adhesive Formulations!”]

Epoxy Resn Type

Examples: Resin/

Kinematic Viscosity (poise @

Epoxy Equivalent

Dow Chemical Co.

Supplier 25°C, unlessindicated) Weight (gm)
Diglycidyl ether of bisphenol-A (very high Epon” 825/Resol ution* .
purity) DER 332/Dow Chemical Co. 40-60 1re-178
Epon 828 /Resolution

Diglycidyl ether of bisphenol-A (standard, DER 331/Dow Chemical Co.
undiluted resin, general purpose) Araldite GY 6010/Ciba Geigy 110-150 185-192

Epo Tuf 37-140/Reichhold
High-purity, electronics-grade liquid Aratronic 5001/Ciba Geigy
bisphenol-A resin with low-chloride QUATREX"1010 epoxy resin/ 125-150 186-190
content Dow Chemical Co.
Diglycidyl ether of bisphneol-F Epon 862/ Resolution 2545 166-177
Bisphenol-F based, sandard, undiluted,
elastomer-modified resin (carboxyl- Epon 58006 /Resolution 150,000-300,000 330-360
terminated butadi ene acrylonitrile)
Epoxidized, hydroxyl -terminated o o
polybutadiene resin Poly bd-605E/Sartomer 22,000 (30°C) 300
Cycloaliphatic epoxy CYRACUREL UWVR-6110/ 350450 131-143

* Epon isa registered tradename of Resolution Performance Products Epon epoxy resins were originally developed by Shell Chemical Co.
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Table 3.2. Typical Epoxy Curing Agents[6I®]

Curing Formulation
Agent Application Types (Suppliers) and
9 G Times
Versamine® (Henkel),
Ancamine® (Air 115 parts per
Amines Room temperature or Products) hundred resin
low-temperature cure Aradur® (Vantico), and (phrzi, nf;: gd
Epi-Cure® (Resolution)
Versamid® (Henkel),
Roorm temoerature or Ancamide® (Air 50-70 phr,
Polyamides IOV\?-tem e? ture cu(r)e Products), intermediate
P Aradur® (Vantico), and gel times
Epi-Cure® (Resolution)
HHPA, MHHPA, and 0.5t00.75
MTHPA (Lonza, Dixie parts
Anhydrides Heat cure Chemical, Nippon Zeon, | anhydrideto1
Hitachi Chemical, Buffalo part epoxy,
Color, and Lindau) slow gel time
BF;-MEA (“HT973"),
Lewis acids Catalytic cure BCl;-MEA (DY 9577), 5-12 phr, fast
(homopolymerization) (Vantico, Leepoxy, and gel time
CVC Chemical)
. Accelerator for ® /n: 1-4 phr, fest
Imidazoles anhydride systerms Curezol™ (Air Products) gel time
2-5 phr (P-
Accelerator and . ®
. ! Epi-Cure” P-104 and 104) and 46
Dicy adh&“g; pro;‘e'ofsr for P-108(Resol ution) phr (P-106),
epoxy sy fast gel time
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Table 3.3. Advantages and Disadvantages of Epoxy Curing Agents!1l

Curing Agents

Advantages

Disadvantages

Rapid cure

Critical mix ratios

Room-temperature cure

Strong skin irritant

Polyamides

Aliphatic amines Low viscosity High vapor pressure
Blushes
Low cost
Often exothermic
. Somewhat higher cost than
Convenience :
amines
Room-temperature cure High viscosity

Low toxicity

Low heat resistance

Good flexibility or
resilience

Low vapor pressure

Good toughness

Tendency to outgas

Aromatic amines

Moderate heat resistance

Solids at room temperature,
difficult to mix with epoxy resins

Good chemical resistance

Long, elevated-temperature cure
schedules

Lewisacid or
base complexes
(boron trifluoride
amine complex)

Long pot life

Tendency to exotherm

High heat resistance

Poor moisture resistance
Corrosion risk

Anhydrides

High heat resistance

Long, elevated-temperature cure
schedules

Good chemical resistance

Critical mix ratios
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Amine-curing agents. Amines may be aliphatic (straight chain or
branched) or aromatic (cyclic benzene structure) and, in turn, may be
primary (two free hydrogens), secondary (one free hydrogen), or tertiary
(no hydrogens). Primary amines react rapidly with epoxy resins, even at
room temperature, by opening up the epoxy ring and forming a secondary
amine structure (Fig. 3.3a). Each primary amine compound has two
reactive hydrogensand, theoretically, can react with two epoxy functional
groups. After a stoichiometric amount of amine has been consumed, the
resulting secondary amine reacts further with the remaining epoxy group
(Fig.3.3b) producing atertiary amineand generating more hydroxyl groups
that can further react and crosslink with other epoxy molecules (Fig. 3.3c).
The theoretical ratio of epoxy to active hydrogen groupsis 1, but some
adhesivessuppliersrecommend using slightly lesscuring agent for improved

H

R-NHy + CHp—~CH- —— » R—N-CHy—-CH-

€Y
CHp — CH -
|
| on
R-N-CHy—CH- + CHy-CH- ————» R-N-CHy—CH-

OH \o/ OH

(b)

H

—CH-

-CH- + CHp-CH- ———— & O-CHy-CH-
OH o OH
(©)
Figure 3.3. Amine-curing mechanism for epoxies: (a) initial step, formation of a

secondary amine and more hydroxyl groups; (b) formation of tertiary amine; (c)
continued crosslinking through reaction of hydroxyl groups.
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properties. Amine-cured epoxies are characterized by moderate-to-high
exotherms, fast curing at |ow temperatures, and short pot lives. Oftenthepot
lives are too short to be used in production processes. Both aromatic and
heterocyclic amines are also used as curing agents for epoxy resins.
Aromatic and heterocyclic curing agentsimpart higher temperature stabili-
tiesthan their aliphatic amine counterparts.

Polyamides. Polyamideresinsare characterized by the presence of the
repeating amide group along the polymer chain: -C(=0)-NH-. The polya-
mides are synthesized by the condensation polymerization of diamino
compounds with dicarboxylic acids or esters. Naturally occurring fatty
acids such as linoleic acid, or their derivatives, are often reacted with
diamines to yield a series of liquid resins. Polyamides are thermoplastics
used primarily as hot-melt adhesivesthat bond well to porous surfacesand
have excellent flexibility at low temperatures.

Polyamidesthat contain amino or hydroxyl groupsalongtheir chainsor
carboxy! groups that terminate a chain can be used to cure epoxy resins,
imparting their inherent flexibility.[*? TheVersamides® (Henkel Corp.) are
examplesof polyamide curing agents.

Amide-amine—curing agents (Dicy). The most notable and extensively
used amide-amine—curingagentisDicy, (dicyandiamideor 1-cyanoguanidine).
Dicy isused as a curing agent for film epoxy adhesives and for B-staged
epoxy prepregs. Unlike free amines, Dicy will not react with epoxy resins
at room temperature or low temperatures. Dicy may be considered alatent
curing agent since temperatures of 145°C-165°C are required to initiate
polymerization. At those temperatures, Dicy decomposes releasing the
very active free amines. Thisis abenefit in producing one-part adhesives
and filmsthat have along pot life and shelf life.

Several problemsthat have been encountered during Dicy’ slongusein
€l ectronics should be mentioned. Because of itslow solubility inthe epoxy
resins, Dicy is often first dissolved in organic solvents. Traces of these
solvents are retained in the cured material. Because Dicy is hygro-
scopic, it also absorbs and retains small amounts of moisture and, if the
Dicy has not been completely reacted or if an excess of Dicy was used,
ammonia evolves as a decomposition product. These outgassed products
have been detected in sealed packages through residual gas analysis and
may or may not beseriousdepending ontheir amountsandtheir interactions
withtheelectronic devicesand materials. Extended vacuum baking prior to
sealing hasbeen effectiveinremoving volatileconstituentsand reducing the
outgassing.
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Anhydride-curing agents. Besides amines, liquid and solid anhydrides
are extensively used to cure epoxy resins. Examples of typical anhydride-
curing agentsaregivenin Table3.2. In contrast to amines, thereactionrates
of anhydrideswith epoxy resinsareslow, requiring temperaturesof 150°C—
170°Cfrom 2-8 hours. Adding small amountsof catalystssuch asatertiary
amine, however, can accelerate curing, (0.5%—-3% by weight) or cobalt (11)
acetylacetonate.[*®l Benzyldimethylamine, in catalytic amounts, is also
widely used asan accelerator. Solid anhydridesinclude phthalic anhydride
(PA), hexahydrophthalic anhydride (HHPA), maleic anhydride, and
pyromelliticdianhydride(PMDA). Among popularly usedliquid anhydrides
are methyl nadic anhydride (MNA) and dodeceny! succinic dianhydride.
Epoxy resinscured with the solid anhydrides, especially thearomatic types
such as PMDA, display high-thermal stabilities, high heat distortion tem-
peratures, high radiation resistance, low weight loss after 500 hours at
200°C,1? and long pot lives.[®l However, because of their low solubilities
and high melting temperatures, solid anhydrides are more difficult to mix
with epoxy resinsthan liquid anhydrides; often, elevated temperatures and
solvents must be used. The liquid anhydrides are much easier to process,
have lower viscosities, and are easier to blend with epoxy resins. Because
al anhydrides are hygroscopic to some extent, humidity, and exposure to
moisture should be controlled prior to and during cure.

Epoxy/anhydridereactionsvary significantly depending onthepresence
of acatalyst.[*¥ Inuncatalyzed systems, theanhydridereactswith hydroxyl
groups of the epoxy resin to produce monoesters and generates a free
carboxy! group (COOH) (Fig. 3.44). The free carboxylic acid group then
reacts with the epoxy group forming a second ester linkage and a free
hydroxyl group (Fig. 3.4b). Lastly, the hydroxyl group can react directly
with another epoxy group (Fig. 3.4c). Without a catalyst, the chemical
reaction showninFig. 3.4c occursto amoresignificant extent, eventhough
thosein Figs. 3.4aand 3.4b are the principal reactions. Inthe presence of a
catalyst, formation of polyestersdominates(Fig. 3.4b). Maximum polymer-
ization occurs with an anhydride/epoxy ratio of 0.85:1, although, in
practice, ratios up to 1:1 are used and yield useful properties.[*

Catalytic-curing agents (L ewisbasesand L ewisacids). Both Lewis
bases and Lewis acids in catalytic quantities (2—4 phr) cure epoxy resins
rapidly without requiring heat. L ewisbasesare compoundsthat haveafree
pair of electrons such astertiary amineswhile Lewis acids are compounds
that canaccept apair of electronssuch asborontrifluoride. Lewisacidssuch
as boron trifluoride are so reactive that, in addition to their being highly
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Figure 3.4. Anhydride-curing mechanism for epoxies: (a) reaction of hydroxyl
group (from epoxy resin) with anhydride; (b) reaction of carboxylic acid group with
epoxy; (c) reaction of hydroxyl group directly with epoxy.

volatileandtoxic, their pot lives aretoo short and exothermstoo highto be
useful. Although quitereactiveseparately, L ewisacidscanform complexes
withmany aminesneutralizingtheir polaritiesandreducingtheir reactivities.
Ascomplexes, Lewisacidsand basesarelatent catal yststhat arefairly stable
when mixed with epoxies until heated to a temperature at which the
complexes dissociate into the reactive species. For example, the
monoethylamine complex of boron trifluoride (BF;MEA) has negligible
reactivity with epoxy resinsat roomtemperature, but becomesreactivewhen
heated to approximately 80°C. Latent catalyst complexes are easier to
handle, providelonger potlives, and arelower intoxicity and vapor pressure
than their individual constituents. Triethylamine boron trifluoride,
monoethylamineborontrifluoride, piperidineborontrifluoride, and aniline
boron trifluoride are examples of latent-curing catalysts for epoxy resins.

Once the Lewis base or Lewis acid is released from the complex, the
polymerization reactionsinvolved are similar to those for curing an epoxy
resin with atertiary amine (Fig. 3.5).
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Figure 3.5. Polymerization of epoxy with a Lewis base catalyst: (a) initial ring
opening; (b) chain propagation and crosslinking.

Levels of curing agents used. Optimum properties are achieved
when the amount of curing agent used isstoichiometric, that is, the number
of activehydrogen atomsfrom the curing agent and number of epoxy groups
are equal . For amine-curing agents, the amine-equivalent weight (AEW) is
themol ecul ar wei ght of theaminedivided by thenumber of activehydrogen
atoms. Using theepoxy-equival ent weight (EEW), thetheoretical amount of
curing agent, A., can be calculated asin Eq. (3.4).

_AEW

Eq. (3.4) A, %100

where A, is the curing agent required to cure 100 parts of resin (phr).

Epoxy resinsarefrequently formulated with reactivediluents, solvents,
and fillers. These additives affect the cal culation so that the EEW needsto
be modified asin Eq. (3.5).¢!
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Eq. (3.5) EEW = b
W, Wa W
EEW, EEW, EEW,
where w, istotal weight

w, isweight of resin
w, isweight of reactive diluent
w, istheweight of any other additive having areactive
€poxy group.
For example, an adhesiveformul ation contains 20 partsby weight (pbw)
of epoxy resin, 70 pbw of filler, and 10 pbw of areactivediluent andiscured
with an aromatic amine such as diamino diphenylsulfone (DADS) whose

amine-equivalentweightis62. If theresinisEpon 825 or DER®* 332, having
an epoxy equivalent of 174, the modified EEW will be:

_ 20+70+10

EEW="""""-5214
Eq. (3.6) H20 , 104
[174 1300

Thus, theamount of DADSrequired would be 62 x 100/521.4 or 11.9 pbw,
about 12% of the total composition.

3.1.2 Silicones

Silicones are a unique class of polymers due to their semi-organic
molecular structure. Instead of the normal carbon-to-carbon backbone
structureof most polymers, siliconeshaveasilicon-to-oxygen structurethat
givesthem advantagesof very highthermal stabilities(upto300°C,insome
cases), flexibility at subzero temperatures (-80°C), and excellent electrical
propertiesunder both extremeconditions. Siliconeadhesives, coatings, and
encapsulants have been used from the inception of electronics and their

*Epon is a registered trademark of Resolution Performance Products. Epon epoxy
resins, originaly developed by Shell Chemical Co., are now available from Resolu-
tion Performance Products. DER is a registered trademark of the Dow Chemical Co.
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formulations have improved steadily with each new generation of micro-
electronic assemblies.

The —Si-O-Si-O- backbone of siliconesisreferred to as siloxane. The
siliconatomsmay belinkedtoawidevariety of aliphatic or aromaticgroups,
as shown in Fig. 3.6 where the R groups are commonly methyl (-CH,),
phenyl (C¢Hs-), alyl (-CH,-CH=CH,), or vinyl (-CH=CH,) .. Siliconesused
in electronic assembly and packaging may be either room-temperature
vulcanizing (RTV) that cureby condensation polymerization or vinyl types
that cure by addition polymerization initiated by acatalyst. Table 3.4 lists
some formulations for each type.

Condensation-cured silicones. Both the heat-cured and RTV sili-
cones are formed by condensation polymerization and are sometimes
referredto asal koxy- or acetoxy-cured systems.!'8 Thebasichydroxysilane
starting materials are produced by the hydrolysis of mixtures of mono-, di,
andtrichlorosilanesasdepictedinFig. 3.7.1*% Condensationwith elimination
of water produces hydroxyl-terminated alkylpolysiloxanes. These resins
can be further polymerized in the presence of akoxysilanes such as
propylorthosilicatestoyieldthe RTV silicones(Fig. 3.8). Catalystssuch as
organotitanatesor dibutyltindilauratel*®! may accel eratethecuring process.

Addition-cured silicones. A second class of silicones cures by
addition polymerization initiated by acatalyst. Polymerization occurshby a
free-radical mechanisminvolvingavinyl, alyl, or other unsaturated group of
asilicone monomer (Fig. 3.9). Homopolymers can be formed by polymer-
ization of the same monomer while copolymers are formed by reactions
among different monomers. Thefirst stepinvolvesthermally decomposing
the catalyst to produce active species. Addition-cured silicones are often
called platinumsiliconessincecatal ystssuch asplatinum-divinyltetramethyl
complex and platinum-divinyltetramethyl disiloxanearewidely used. Addi-
tion-cured silicone adhesives are either one-part or two-part, heat-cured
systems and have an advantage over RTV types in not producing by-
productsduring curing.

Ry Ii{l
O—?i—()—?i
R» R,

n

Figure 3.6. General structure for a linear silicone polymer.



Table 3.4. Polymer Resins, Cross-linkers, and Catalysts Used as Raw Materials for Silicones!-18]

Silicone Type

Polymer Resin (100 parts)

Cross-linker (8-12 phr)

Catalysts

One-part RTVs

Polydimethyl siloxane-silanol terminated
[PS 340, 341, and 343
(United Chemical Technologies)]

Trimethoxy methyl silane
[PS 9120 (United Chemical
Technologies)]

Titanate catal yst (0.5 phr)

Reactive silicone
polymers-silanol termi nated
[Andisil OH 40, OH 75, ard
OH 2 (Anderson & Assoc.)]

Epoxy silane cross-linker
[K10 (Anderson & Assoc.)]

Dibutyl tin dilaurate
[PC-055 (United Chemical
Tech.)], and Andisil TL 10

(Anderson & Assoc.)
zinc octanoate (PC 040) and
tin octanoate [PC 050 (United
Chemical Tech.)]

Methoxy-terminated polysiloxanes

Amine catal ysts

Two-part RTVs

Vinyl-terminated silicone polymers
[Polymer V S 50, 100, 200, and
1,000 (Anderson & Assoc.)]

Polydimethy! siloxane-terminated silanol
[PS 3475, (United Chemical Tech.)]

Polysilicon hydride cross-linkers 100,
101, 120 (Anderson & Assoc.) and
200-1210 (Anderson & Assoc.) with
pendant/terminal functionalities. HMS-
031, HMS-151, and HM S-301(Gel est).

Platinum-complex catd ysts
500, 511, 5112 [0.05-2% Pt
(Anderson & Assoc.)],
and PC 074 and 075
(United Chemical Tech.)

Addition-cured
silicones

Vinyl-terminated polydimethyl siloxanes
DMS-V03-V22, and -V 33 (Gelest)

Tri- or tetra- functional polysilicon
hydride (10-15 phr)

Platinum-complex catd ysts
(2-50 ppm),
PCO 72,73, 74, and 75
(United Chemical Tech.)
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Figure 3.7. Synthesis of RTV silicone resins.'*]
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Figure 3.8. Step-growth polymerization mechanism for silicones.
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Figure 3.9. Addition polymerization of vinyl silicone.

Moisture-cured silicones. Many of the silicone adhesives used in
electronics are one-part, moisture-curing types, generally cured at room
temperature in a range of 30%-80% RH. Full physical and electrical
propertiesare attained in 24—72 hours. M oisture-cured silicones consist of
thenormal hydroxyl-terminated siliconesinwhichthehydroxyl groupshave
beenblocked, rendering theminactive. Onexposureto ambient moisture, the
hydroxyl group isregenerated and can again enter into the polymerization
reaction. Siliconesmay beblockedwith either acetoxy or alkoxy groups, but
the acetoxy types are not recommended for electronics due to the release
of acetic acid during the cure with moisture. The alkoxy-blocked silicones
are preferred since an alcohol is released that is generally noncorrosive.
Moisture-curedsiliconesareusedinmany applicationsincluding sealinglids
and housings, assembling components onto circuit boards, RF gasketing,
tacking and sealing around wires, and also for chip-scale spacers and die
attachment.

3.1.3 Polyimides

Polyimidesareformedfrom polyamicacid or polyamicester precursors
by heating to temperatures as high as 400°C. Polyimide precursors are
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synthesized by reacting equimolar amounts of aromatic diamines with
aromati c dianhydridesforming polyamic acidsor polyamic estersasinFig.
3.10a. Widely used aromatic aminesand aromatic anhydridesare shownin
Table3.5. Of these, the prepolymer from pyromellitic dianydride (PMDA)
and4,4’ -oxydianiline(ODA) hasbeen themost widely studied and used.[?!
The precursors are available as solvent solutions (generally, N-methyl-2-
pyrrolidone) that can then beformul ated asadhesives, coatings, or preforms
by addingfillersand other additives. Curingisnot thetraditional crosslinking
or chain propagati on usi ng curing agents, but occursby heatingto eliminate
water and close the imide rings along the chain forming the very stable
polyimide structure (Fig. 3.10b). The process of ring closure is known as
imidizationand requiresstep curing, which, for silver-filled pasteadhesives,
istypically 30 minutes at 150°C, followed by 30 minutes at 275°C.[?4 In
some cases, however, step cures up to 400°C are necessary to achieve
completeimidization, anexampleof whichis: 15minutesat 135°C, followed
by 30 minutes at 300°C, and finally 10 minutes at 400°C. The initial
temperatureexposureof 135°C-150°C assurestheremoval of theN-methyl-
2-pyrrolidone (NMP), a solvent that is present in almost all polyimide
precursor formulations.

O 0]

/‘ 0 + nHoN—Ar'—NH, —»

o)
h ¢
0
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@

0 o) ) O
10 A on| -Ho N)>@<kN
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0] O( \O O(

n n
(b)

Figure 3.10. (a) preparation of polyimide precursors; (b) curing of polyimides by
imidization.
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Table 3.5. Typical Diamine and Dianhydride Reactants for Polyimides

Diamines Supplier Dianhydrides Supplier
m-Phenylene diamine DuPont Pyromellitic D:Eggt,
(PDA) dianhydride (PMDA) Chriskev

_— BASF Benzophenone Allco,
E)I;Bh:;yl enediamine Corporation, tetracarboxylic Chriskev,
DuPont dianhydride (BTDA) Daicel
Shanghai
4,4'-Oxydianiline Wakayama Seika, | 4,4'-Oxydiphthalic Research
(ODA) Deadsea Bromine | anhydride (ODPA) Ingtitute
(SRI), China
BASF 2,2-Bis(3,4-dicarboxy
Methylene dianiline Corporation, phenyl) hexafluoro- Hoechst
(MDA) Wakayama Seika, | propane dianhydride Celanese
Kogyo Co. (6FDA)
4,4'—Diamino
diphenyl sulfone Wakayama Seika
(4,4-DDYS)
4.4-
Bisaminophenoxy Wakayama Seika
biphenyl (BAPB) 3,34,4-Biphenyl Chriskev,
4,4'-Diamino- . tetracarboxylic Mitsubishi,
benzanilide (DABA) | WaKayamaSaka | v dride (BPDA) Ube
Aminophenoxy Wakayama Seika
benzenes
3,3-Diamino
benzophenone Spgﬁé;?l::' K
(DABP)

A second type of polyimide resin is based on a prepolymer that is
completely imidized, but hasacetylenicend-groups(tripl ebonds) which can
then cureby addition polymerization (Fig. 3.11). Theseresinsdonot require
high curing temperatures and do not evolve water during cure as do the
polyamicacid prepolymers.!?3l The bismal eimidesareyet another variation
of polyimides. They areused asadhesivesin surface mounting components
onto printed-wiring boardsandinattaching diein packagesor ontointercon-
nect substrates. Bismal eimidesareknownfor their low moistureabsorption
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Figure 3.11. Acetylene-terminated polyimide resin structure.

HCEC\@

and hydrophobic properties important in preventing the popcorn effect
during solder reflowing (see Ch. 6 on Reliability). Examples of thermally
conductive bismaleimide adhesives are boron nitride-filled QM| 536 and
536HT (Loctite®). The OxySim® 502 series (Sumitomo-Bakelite) are
examplesof el ectrically conductivebismal eimideadhesives.

Lastly, resinsarecommercially availablewheresiloxanestructureshave
beenincorporated into the polyimide chains. These polysiloxaneimidesare
notedfor their flexibility and|low moistureabsorption. They arethermopl as-
ticsthat are processed as hot-melt adhesives.[24]

Polyimide adhesives are commercialy available as electrically con-
ductiveor insulativepastesusedfor dieattachment. They arealso available
asthermoplastic preformsfor chip-on-lead and |ead-on-chip attachments.

3.14 Polyurethanes

Polyurethane adhesives are used primarily in the assembly of printed-
wiring boardsto attach largecomponentssuch ascapacitors, magnetics, heat
sinks, and connectors. Their key benefitsinclude flexibility, absorption of
stresses, vibration damping, and thermal transfer. Being thermoplastic,
polyurethanes are also easier to rework than epoxies.

Polyurethanesaredistinguished from other polymer typesin containing
the repeating urethane group throughout its structure:

0]
/
—NH—o—
A typical polyurethane adhesive may contain, in addition to the urethane
linkages, aliphatic and aromatic hydrocarbons, esters, ethers, amides, urea,
and allophanate groups. Polyurethanes are formed by the addition reaction
of diisocyanates or polyisocyanates with polyols (Fig. 3.12) through a
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step-growth polymerization mechani sm. Polyurethanesmay beeither ther-
moplastic or thermoset, depending on the functionality of the monomers.
Increasing thefunctional groupsto threeor moreresultsin theformation of
three-dimensional, highly cross-linked thermoset polymers. The most
widely used diisocyanate starting material sare toluene diisocyanate (TDI)
consi sting of an 80:20 mixtureof the 2,4- and 2,6-isomers, methylene-4,4’ -
di(phenylisocyanate) (MDI), and polymericMDI (Table3.6). Alsoused are
2,2',3- and 4,4’ 4" -triphenylmethane triisocyanate (TTI). Widely used
polyalsinclude castor ail, hydroxyl-terminated polyesters, and polyether
polyols. Bayer Chemicalsisamajor producer of both the isocyanates and
polyol starting materialsfor the production of polyurethaneresins. Among
Bayer’'s products are the Mondur® series of aromatic diisocyanates, the
Desmodur® series of aliphatic diisocyanates and polyisocyanates, the
Desmophen® series of polyester polyols, and the Multranol® series of
polyetherpolyals.

An example of a polyurethane adhesive used for surface mounting
components consists of Mondur M cured with castor oil or with other
polyols.[® The molecular weight and properties of polyurethanes are
optimized when one equivalent weight of the isocyanate reacts with one
equivalent weight of the polyol. The equivalent weights are based on the
percent of hydroxide of the polyol and the percent of isocyanate of the
polyisocyanatel?® asfollows:

Toluene diisocyanate Ethylene glycol

o H H O
o (I
+O0—CHpCH; — O —C—N N—C—

Polyurethang

Figure 3.12. A basic polyurethane polymerization reaction.



Table 3.6. Polyisocyanate and Polyol Starting Materials for Polyurethanes?61-28]

- Equivalent | , . Molecular
Polyisocyanate* Weight % NCO Polyol Hydroxyl Number Weight
Toluene diisocyanate (TDI) Desmophen” 1600U and 112, 56 ]
Ex. Mondur” TD (65/35 1900U (Bayer)
mixtureof 24 & 2,6 87 48 Polyester polyols (Dow, BASF,
isomers), TD 80 (80/20 Huntsman, Arch Chemical, 28 400
mixture) Multranol” 9195 and 9190)
Diol based on TDI Polyether pol yols Desmophen”
(Mon dur” cD) 143 29.3 2500, 2501 112,150 759, 1100
6.2-38.7 (3,000), 1,000-3,000
Triol based on TDI 505 7882 Polytetramethylene ether glycol 54.7-57.5 (2,000), (PTMEG
(DeﬁmodurD IL) o (PTMEG) 1,000, 2,000, and 3,000 and 106.9-118.1 1,000, 2,000,
(1,000) 3,000)
Castor oil and castor oil polyols
1,6 Hexamethylene (OAS Chemicals, Caschem) 387, 144,
diisocyanate (HDI) 84 49.7 Caspol 1842, 1962, and 5001 145, 390, 290 103++
(Caschem)
Biuret of HDI (DesmodurD 255, 191, 16.5, 22, .
N-75, N-100, and N-3200) 181 232 Acrylic-based polyols
H O
Trimer of HDI (Desmodur 195, 216 21.6,
b 150 1,122
TDI and HDI 400 10411 (Multranol- 9144)
copolymer (Desmodur® HL)

*Mondur, Desmodur, Desmophen, and Multranol are tradenames and products of Bayer Chemicals.

(cont'd.)




Table 3.6. (Cont'd.)

. Equivalent | , . Molecular
Polyisocyanate* Weight % NCO Polyol Hydroxyl Number Weight

Polymeric isocyanaes

ul 315~
(Mondur® MR, MRS, 130-133 95
MR$4, and MRS5) ' Polyamine polyol s 150 1122

(Multranol™ 9144) '

Mondur” TDS g7 48
(2,4’ toluene diisocyanate)
Diphenyl methane4,4’,
diisocyanate (MDI) Polybutadiene polyols R-45 HT
Ex. Mondur™ M, Luprinate 125 334 LO, and 45M (Sartomer) 47.1,404 2,800, 2,800
M, Isonate 2125M
Mondur” ML
(4,4, and 2,2’ mixture) 125 334

Hexamethylene diisocyanate

(HDI), Desmodur” H 84 a7

Dicyclohexamethane 4,4’
diisocyanate or bis (4-
isocyanate cyclohexyl) 132 31.8
methane (Hydrogenated M DI,
HMDI ), Desmodur” W

*Mondur, Desmodur, Desmophen, and Multranol are tradenames and products of Bayer Chemicals.
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i ight (i 42x100)
Eqg. (3.7 Equivalent weight (isocyanate :(—
vE ! gnt (jsocy ) % NCO
Eq. (3.8) Equivalentweight (polyol)= 17x100

% hydroxide

Asan exampl e, theamountsof Desmodur N-100 required to react with 300
grams of Desmophen R-221-75 polyol can be calculated (assuming a 1:1
ratio). Desmodur N-100 has a22% isocyanate content and Desmophen R-
221-75 has a 3.3% hydroxide content. Thus, the equivalent weights are:

42x100 —191

Eg. (3.9) Equivalent weight of N-100 =

17x100 —515

Eg. (3.10) Equivalent weight of R-221-75 =

The number of equivalents of the polyol is 0.58, so the amount of the
isocyanate required to react in a1:1 ratio will be 111 grams.[?8! The more
flexible polyurethanes used in printed-wiring board applications generally
employ polyalsthat have lower hydroxyl contents.

Moisture-curing polyur ethanes. Urethane polymer resins that till
contain unreacted i socyanate groups react with atmospheric moisture and
continue curing. Thereactionisatwo-step process. First, water reactswith
some of the free isocyanate groups producing an amine and releasing
carbon dioxide as a by-product; then, the amine further reacts with the
remaining isocyanate groups forming urealinkages and fully cured poly-
urethaneureas. M oi sture-curing polyurethanescan penetrateinto poresand
tight spaces where moisture is usually present to form strong chemical
bonds.

Moisture-curing polyurethanes can be formulated to produce a wide
rangeof physical properties, from elastomeric andflexibletohardandrigid
materials. Among some noteworthy propertiesare high abrasion resistance
and high impact resistance.
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3.15 Cyanate Esters

Cyanate-ester adhesives are formed from resins that contain cyanate
groups
|[—o—c=N

which on heating, and in the presence of a catalyst, polymerize to form
highly aromatic triazine ring structures.[>?=131 Monomersthat contain two
or more cyanate groups polymerize to form ahighly cross-linked triazine
network, aprocesscalled cyclotrimerization (Fig. 3.13).[33128 Examplesof
some commercially available cyanate monomers include the dicyanate of
bisphenol-A (Ciba Geigy's AroCy B-10%®), the polycyanate of
phenolformaldehyde (Allied Signal’s Primaset®), the dicyanate of
hexafluorobisphenol-A (Ciba Geigy’s AroCy F®), and a number of other
dicyanates of substituted bisphenols.[34

Catalystsmay bethe solublesaltsor complexesof transition metal s, for
example, those of tin, copper, iron, or cobalt, or compounds that have an
active hydrogen atom such as mercaptans, phenols, or amines.

The triazine structures, like the imide structures of the polyimides,
impart high thermal stability to the cured adhesive. Some silver-filled
cyanate-ester adhesiveshaveglass-transitiontemperaturesashighas245°C
and canwithstand temperaturesof 200°C or more. However, toachievethese
properties, curetemperaturesof 175°Cfor 1-2 hoursfollowed by apostcure
above 200°C are required, making them more suitable for attaching single
die in metallurgically-sealed ceramic packages than for attaching die on
plastic laminates or in hybrid or multichip modules. Exampl es of commer-
cialy availablecyanate-ester adhesivesare Ablestik’ sAblebond®-JM-7000
and Loctite' sQMI-301.

3.1.6 Modified Cyclo-Olefin Thermosets (MCOT)

Modified cyclo-olefin thermaset (MCOT) resins are liquids that cure
when heated at 150°C for a minimum of 30 minutes to form the general
polymer structure shown in Fig. 3.14. The monomers cure by an addition
polymerization and, assuch, nowater or other by-productsareevolved. The
molecular structures are essentially nonpolar which impart very low mois-
ture absorption properties. For two formulations developed by Johnson-
Matthey, water absorptionsof 0.05% wererecorded when exposed to 85°C/
85% RH conditions for 168 hours. Only 0.1% water absorption was
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Figure 3.13. Cyanate-ester polymerization.
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measured even after pressure cooker testing at 150°C, 85% RH, for 168
hours.[3% Theselow moistureabsorptionvaluesmakeM COT adhesivesand
molding compounds particularly suitable for assemblies that must subse-
quently besol der reflowed wherethe popcornreliability problem arises(see
Ch. 6). Plastic materials having water retentions of greater than 0.1%
undergo rapid evaporation of the water at the 230°C-250°C solder condi-
tionsinducing stressesin the adhesive and adhesive interfaces resulting in
delamination and cracking. MCOT adhesives are block copolymers.[36137]
The cyclic olefin block is arigid segment while the linear olefin is a soft
(flexible) block. In Fig. 3.14, R; and R, comprise the nonpolar and polar
portions, respectively, that control the amount of moisture absorption. The
optimizedvaluefor R;is18%andfor R,, 36%. A molecul ar weight of 3,262
isreportedto providethebest combination of adhesi on, moistureresistance,
andviscosity properties.[38

3.1.7 Acrylics and Acrylates

Acrylic adhesives were developed in the late 1960s in Germany as an
outgrowth of poly(methylmethacrylate) chemistry. Becauseof their low cost
and rapid processing, thelargest market for acrylic polymersisin commer-
cial/industrial applicationssuch asthe bonding of wood, steel, and plastics.
However, some unique properties, such astheir ability to be cured with
UV /visiblelight, their transparency, and rapid low-temperature cures, are
finding anichein optoel ectronics and medical applications.

Basic acrylate chemistry. The basic acrylic monomers or oligomers
contain unsaturated double bonds (vinyl groups), and consequently cureby
addition polymerization involving a free-radical reaction. Free-radical-
producing compounds such as peroxides, peracetic acids, and sulfonesare
added to acrylicresinstoinitiate polymerization. Free-radical polymeriza-
tionof acrylicsmay a so beinduced by exposuretoUV or visiblelight. These
UV -curing adhesives, most of which arebased onacrylicor modified acrylic

I
I @JXL ]

Figure 3.14. Modified cyclo-olefin thermoset (MCOT) polymer structure.
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resins, areof increasing commercial importancetoday for therapid bonding
of electronic devices, fiber optics, and liquid crystal flat-panel displays. A
key featureof acrylicsistheir transparency andrefractiveindex making them
useful for the bonding of optical parts.

Reactive methacrylate monomers include methylmethacrylate,
diethyleneglycol dimethacrylate, and butyl methacrylate. The polymeriza-
tion reaction for the basic monomer isdepicted in Fig. 3.15.

Cyanoacrylates. Cyanoacrylates are one-part, highly polar thermo-
plastic polymers. Theresin monomerscurein secondswhenin contact with
aweak base such as the moisture that is present on most surfaces. Many
cyanoacrylate-adhesive formulations are commercially available, but not
widely used in electronics assembly because of their poor resistance to
solvents and moisture at elevated temperatures (>70°C). Cyanoacrylates
have relatively low impact and ped strengths and may be brittle unless
toughened by the addition of elastomericresins.

3.1.8 Silver-Glass Adhesives

Although silver-glass adhesives are, strictly speaking, not polymer
adhesives, apolymer binder isusedinthepasteto provideeaseof dispensing,
but is subsequently burned out during processing. Silver-glass adhesives
contain 80%—85% by weight of silver-flakefiller dispersedin alead borate
glass, apolymer binder, and an organi ¢ solvent. After automated dispensing
or screen-printing onto a substrate and attaching the die, the adhesive is
fired in an oven or furnace. The processing is similar to that for thick-film
conductor pastes. The solvent is first evaporated at low temperatures of
50°C-200°C, followed by burning out the organic binder at 300°C; at
approximately 340°Ctheglassbeginsto softenand sintering of thesilver and
glass begins to occur. Completion of the sintering and bonding to the
substrate occurs during the last step of 10 minutes at 410°C—430°C.[3% Of

: X
H, C:|C - CH, C

C=0 Catalyst, heat, or =0

| uv/visible |

O-CH; O-CH,

Where R may be methyl, butyl, octyl, or other aliphatic group

Figure 3.15. Basic acrylic polymerization reaction.
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course, at these high temperatures, silver-glass adhesives can only be used
on ceramic or silicon substrates or packages.

3.2 FORMULATION

Besidestheresin and hardener portions, adhesivesareformulated with
anumber of additivesto enhanceor modify their basic properties. Fillersare
extensively used to improve flow properties, reduce thermal expansion,
reduce shrinkage during cure, increase thermal conductivity, or impart
electrical conductivity. Reactive diluents are used to reduce viscosity and
avoid the use of volatile organic solvents. Elastomeric polymers may be
addedtoimparttoughnessandflexibility. Catalystsand accel eratorsinsmall
amountsmay al so beusedtoinitiatesluggish polymerizations. Hundreds of
formulations from dozens of suppliers are available and literally tens of
thousands are possible. Many of the commercially available formulations
arebased onthesameor similar resinsand hardeners, yet differintheamount
of ingredients used, the number and types of additives, and the techniques
used in processing, giving riseto proprietary formulationsthat have unique
or application-specific properties. In fact, the number and nature of the
additives and the manner in which they are processed is as much an art
as a science and constitutes the most proprietary aspect of a supplier's
formulation.

3.2.1 Fillers

The most important additive in an adhesive formulation is the filler.
Fillerssuch asmetal particlesareusedto render adhesivesboth electrically
and thermally conductive while electrically insulativefillers such as metal
oxides are used to provide thermal conductivity alone. Regardiess of
whether they are electrically conductive or not, fillers provide numerous
simultaneousbenefits, includingthefollowing:

 Increased thermal and electrical conductivity
 Increased thermal stability

* Reduced CTE

* Reduced shrinkage and stresses during cure

« Improved bond strengths
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« Improved flow properties
« Extendedpotlife

Electrical and thermal conductivity. To meet requirements for
electrical andthermal conduction, polymer resinsmust behighly filledwith
metal particles. Silver is the most widely used filler because of its high
electrical conductivity andretention of conductivity onexposuretoair, heat,
and humidity. Although asurface oxideisformed, silver oxide, unlike the
oxidesof other metals, isstill electrically conductive. Copper, althoughalso
highly electrically conductive, formsan oxidethatiselectrically resistiveso
that inhibitors or plating with silver or gold must be used to stahilize its
properties. Gold, nickel, and carbon are also used to alesser extent either
because of high cost, in the case of gold, or poorer electrical conductivities
inthe case of nickel and carbon. Gold and silver-palladium fillers are used
in adhesiveswheresilver migration may be of concern. Plated particlesare
widely used asfillersfor anisotropic adhesives. Silver, nickel, or gold plated
nonconductivecoreparticlessuchasglassor plastic spheresarewidely used
in anisotropic film and paste formulations.

Resins can be filled to a maximum of approximately 85%—90% by
weight (40%-50% by volume, depending onresin density) after whichtheir
viscosity increasesto an extent that thematerial cannot easily be dispensed.
Theeffect of increasinglevelsof silver filler and temperatureonthethermal
conductivity of an epoxy adhesive can be seenin Fig. 3.16.14°1 To achieve
highthermal conductivity and still preservegood el ectrical insul ation prop-
erties, resinsmust befilledwith ceramicor inorganicfillerssuchasalumina,
silica, beryllia, aluminumnitride, boronnitride, and evendiamond. Examples
of somefillersusedin adhesiveformulationsand their propertiesaregiven
inTable3.7.[41-47]

The processing and surface preparation of silver particlesiscritical to
their performance asafiller. Thefirst step in manufacturing silver flakesis
to produce silver powder. Powdered silver may be produced by chemical
precipitation, el ectrolytic precipitation, or melt atomization. Most commer-
cialy available silver powders are precipitated by reducing silver from a
silver nitrate solution. Particle sizes of powdered silver range from submi-
cronto 5 pm.[8 Silver powders are sel ected based on size and morphol ogy
then milled by conventional means or, more often, in Attritor® grinding
mills$*9 toyieldflakesof thedesired size. Ball milling thepowdersproduces
amixtureof approximately 80%flat flakes, 5-10uminsize, andirregularly
shaped particles, 1-5 um size.[48I[51-53] M ost silver powder feedstocks are
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Figure 3.16. Effect of increasing amounts of silver filler and of temperature on the
thermal conductivity of an epoxy adhesive. The concentrations are by volume
(23% by volume corresponds to 80% by weight).[*]

Table 3.7. Electrical and Thermal Properties of Fillers and Filled

Adhesives41-147]

Specific Volume Thermal
Material Gravity Resigivity | Conductivity

(gm/cm® |  (ohm-cm) (W/mIK)
Silver 10.5 1.6 x 10°® 429
Silver palladium - 2.3x10° 150
Copper 8.9 1.8x 10° 401
Gold 19.3 2.3x10° 318
Aluminum 2.7 29x10° 237
Nickel 8.9 10 x 10° a1
Platinum 21.5 21.5x 10° 72

(cont'd.)
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Table 3.7. (Cont'd.)

Specific Volume Thermal
M aterial Gravity Resigivity | Conductivity

(gm/cm®|  (ohm-cm) (W/mIK)
Tin/Lead solder (60/40) - 20-30 x 10 53
Tin/Lead solder (40/60) - 20-30 x 10 42
Carbon - 3x10°% -
Aluminum oxide 3.45 1x 10" 17-40*
Fused silica 22 1x 10" 1.4
Aluminum nitride 3.26 10" 170-260*
Boron nitride 225 1x10® 130-260*
Diamond 351 1x108 800-2,000*
Unfilled epoxy adhesives 1.1 10% to 10 0.2-0.3
Typica silver-filled epoxies - 1x10* 24-8
Gold-filled epoxies 5.2 8x10* 2-3
Silver-palladium filled epoxies 2.1 4x10° 1.3-2.0
Silver glass - <15x10° 80-90
Oxide filled epoxy adhesives 1525 | 10%to10% 1-2
?;gg;/r(!;ride—filled epoxy i 10% to 10 34
Diamond-filled adhesives - 10" to 10%® 10-12
Silver-filled polyimide - 3x10* 2
Boron nitride-filled bismaleimide 1.25 >10% 0.9
Boron nitride and si'IicafiIIed ) ) 10
modified cyclo-olefin thermoset
Unfilled silicone 1.08 2.9 x 10% 0.19
o e e e

*Depending on purity level.
Values are for comparative purposes only since valuesfor specific
compositions, processing conditions, and temperatures will vary.
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inthe0.5to0 8 umrangeandtypically producesilver flakesof 1to 10 um. In
practice, a broad distribution of particle sizes is better than a narrow
distributioninoptimizing el ectrical conductance. Bimodal distributional so
appears to enhance conduction.[>[5 Besides particle-size distributions,
surface area, tap density, and percent weight loss when heated in air or in
a nitrogen/hydrogen atmosphere characterize fillers. The weight loss at
110°Cisameasureof theamount of water and solventsretained by thefiller,
while the weight loss at 538°C is a measure of the amount of lubricant
used in coating the particles. Both tests are used for quality control. Table
3.8listssomesilver fillersused in epoxy formulations. The morphol ogy of
thesilver flakesisinfluenced by numerousprocessing conditionsincluding
thefollowing:

» Lengthof millingtime

* Typeand size of the milling media (for example, 3/16in.
steel balls or 6 mm glass balls)

» Rotational speed of themilling machine

* Ratioof silver-to-media

» Typeof lubricant used

* Amount of solvent

L ubricantsand solventsareadded to thefiller during milling to prevent
agglomerates from forming due to cold welding of the malleable filler
particles.[*8] Lubricants arefatty acids or salts of fatty acids such asstearic
or oleic acidsin ethanol solvent.l“%l The lubricant coatsthe silver particles
during the milling process and is retained during subsequent processing
because it becomes chemisorbed on the particle surfaces. Untreated
particles appear as aggregates of submicron particles, typically 100 umin
size, presumably due to the high surface tension of the untreated metal .[51]
L ubricant properties necessary in processing silver filler are asfollows:

« Providinglubricity toavoid agglomeration of particles.
» Allowing adequate wetting of thefiller.

* Being compatiblewiththepolymer resinand not affectits
shelf life or other properties.

* Preventing degradation of the electrical or thermal con-
ductivity of thefiller or thefilled cured adhesive.

Thetypeof lubricant used may haveamajor effect onthevolumeresistivity
of acured epoxy. Inoneexample, aconductiveepoxy formulatedwithsilver



Table 3.8. Silver Fillers Used in Epoxy Adhesives!>¢-59

Weight Loss (%)

Partide Size Distribution (um)

Degussa

Tap Surface " "
Product/Supplier Description Density Area 110 C 538 C_ 90% less | 50% less | 10% less
(gmicm®) | (mgm) | (Lhrin | (U2hr in) T than than
air) air or H,)
Sliver Flake#93/Feo. | High-purity silver flake 3250 | 0.80-1.30 | <010 | <050 200 100 5.0
egussa
. High-purity silver flake;
Sliver Plake#84/ Farro, |~ low viscosity and 4556 | 015030 | <010 | <050 200 100 5.0
egussa Vi .
non-ionic lubricant
: High-purity silver flake;
Siver ke #80/ PO | handling charectaristics 3250 | 0.40-070 | <010 | <050 = - -+
€9 of flake and powder
Silver Flake #65/ Ferro, Finesilver flake with
Detuta Nehraaas e 3045 | 0.80-1.40 | <010 | <070 300 110 3.0
Silver Flake #40/ Fero, | Generd purpose, coarse
Detuta 2 Durpose, 17-34 | 0.40-1.00 | <010 | <080 50.0 25.0 8.0
Silver Flake #26LV/ Low-viscosity
Zorro, Do gt 4058 | 080030 | <010 | <080 - - -
Silver Flake#98/ Farmo, | 0 nirity silver flake 3250 | 0.80-150 | <010 | <050 200 100 50

(Cont'd.)




Table 3.8. (Cont'd.)

Weight L oss (%)

Particle Size Distribution (um)

Advanced M aerials
Division

Tap Surface - "
Product/Supplier Description Density Area 110°C | 538°C | 5000 less | 50% less | 10% less
(gmiecm®) | (m%gm) | (Lhrin | (V2hr in than than than
air) air or Hy)

Silflake 135/ . . .
Technic Inc. Dispensible die-atach 4.7-6.2 0.30-0.55 <0.10 <0.70 10.4 6.8 55
Silflake 282/ . .
Technic Inc. Adhesives, inks 2.54.0 0.60-1.00 <0.10 <0.70 3.9 1.9 0.3
Silflake 499/ . . .
Technic Inc. Dispensible die-atach 4.0-5.6 0.30-0.70 <0.10 <0.70 - - -
SF-110/HRP 2.0-3.2 0.80-1.40 <0.20 <0.80 6.0-13.0 2.0-5.0 0.7-1.8
SF-160/HRP Conductive adhesives 0.5-15 0.75-15 <0.20 <0.80 6.0-12.0 1.54.0 0.6-15
SF-165/HRP 0.7-1.3 0.75-1.3 <0.20 <0.50 7.0-13.0 1.7-35 0.6-1.3
Chemet EA-0030/
Metalor Technologies,
Advanced Maerials 3.74.9 0.60-0.95 <0.15 <0.75 11 3 0.5
Division High-speed dispensng
Chemet EA-0295/ semiconductor atach
Metalor Technologes, 3548 | 050-070 | <0.05 <0.55 12 5 1

(cont'd.)




Table 3.8. (Cont'd.)

Weight Loss (%) Particle Size Distribution (um)
Product/ Tap Surface o o
: Description Density | Area | 110°C 1 838°C 1 g0 oo | 5096 ess | 10% less
Supplier (gmicm®) | (m%gm) | (Lhrin | @U2hrin | R T T | than
air) air or Hy)
Chemet SA-0201/ . ) .
) High thixotropic die
Metalor Technologies, | o) fine patide, low | 3.851 | 050090 | <010 | <0.85 7 2 1
Advanced M aerials . :
Division viscosity
e | gy o
Advanced M aerials ' wrfag:c g;zta, low 4956 0.12-0.24 <0.10 <0.20 23.7 11.3 4.8
Division viscosty
Chemet RA-0101/
Metalor Technologies, - .
Advanced M aerials Silicone adhesives 4.0-50 0.10-0.30 <0.10 <0.30 21 9 3
Division
Chemet AA-0909/
Metalor Technologies, General purpose silver
Advanced M aerials flake 2.8-4.0 0.90-1.20 <.10 <0.30 21 9 3
Division

*Not available.
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flakes using athiol lubricant in a proprietary solvent showed consistently
higher volumeresistivity (4-5 ordersof magnitude) than asimilar composi-
tion where the silver flakes were coated with afatty acid lubricant.[5)

Increased thermal stability. Weight loss is reduced by the high-
temperature stabilities of the inorganic or metallic fillers compared to the
resin. Thus, themorefiller formulatedinto anadhesive, thelower theweight
loss at el evated temperatures. Thisisdue, not only to the reduced weight of
resin by adding filler, but a so to reduced shrinkage and increased conduc-
tivity that result fromthefiller.[61

Reduced coefficients of expansion. Expansion coefficients are
reduced by addingfillersthat haveal ower coefficient of thermal expansion
(CTE) thantheorganicresin. Ineffect, theconcentration of thehigher-CTE
organic phaseislowered by thepresenceof filler.[62 Thiseffectisillustrated
by therule of mixturesused to predict the CTE of an adhesive (a4, Which
is

Eq. (3.11) Qaghs = Oresin X VOI. Nyegin + Ofijjer X VOI. Yoij1er

By lowering the volume percent of resin and increasing the volume percent
of thefiller, the composite CTE isreduced. Thisis best illustrated in Fig.
3.17,I84 where an epoxy resin formulated with 15 phr of m-phenylenedi-
aminehasaCTE of 50 ppm/°Cwithout filler. The addition of about 60% by
weight of alumina, for example, lowered the CTE to about 25 ppm/°C.

Epoxy Resin + 15 phr

c 60 [~ . .
—phenyl
é o m—phenylene diamine Gopper Powder
35 / Aluminum Powder
m [o% /
=5 / Iron Powder
GE, = 40 / Lithium Alumina Silicate
s E Silica
g £ *+..«— Calcium Carbonate
3 g "™~ Aluminum Oxide
&= 20~
=Ty}
g +
oL
0O r
g3
5
S 0 : | . ! . ! ! ! . !
0 20 40 60 80 100

Filler Content, Weight %

Figure 3.17. Effect of filler content on the expansion coefficient of an epoxy resin [61]
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Reduced shrinkage. Fillers have a pronounced effect on reducing
shrinkage during cure. Early datareported by Lee and Neville,[? although
for casting resins, are also applicable to adhesives. Unfilled epoxies may
shrink 1%to 8% by volume, but adding 20%filler canreducethisshrinkage
to below 1%. The 7.17% shrinkage of an unfilled DGEBA resin cured with
12 phr of diethanolaminewasreduced to 4.85% when filled with 100 phr of
mica. In another example, an unfilled DGEBA resin cured with a primary
aminehad ashrinkageof 0.91%, but wasreduced to 0.67% whenfilled with
20% of quartz and to 0.77% when filled with 20% silica.[]

Another measureof shrinkageislinear shrinkage. Anunfilled epoxy has
alinear shrinkage of 3.5 x 103 in/in that decreasesto below 2.0 x 103in/in
when 60% by weight of filler is added.[6!

Improved bond strengths. The tensile-shear strength of an epoxy
adhesive can increase from 1,000 psi (unfilled) to 3,500 psi with approxi-
mately 50 phr aluminafiller.[d Theimprovement in shear strengthwasalso
shown by Wiles.[® Anepoxy formulationwithnofiller had ashear strength
of 2,760psi at 25°Cand450psi at 105°C. By adding 100 phr of aluminafiller,
these strengthsincreased to 3,750 psi at 25°C and to 1,650 psi at 105°C.

Another exampl e of the effect of fillers on improving bond strength is
reported for asiliconeRTV -1 sealant formul ated with Cabot Corporation’ s
Cab-0-Sil® LM-130 and TS-720 materials. Cab-O-Sil fumed silicas are
very effective reinforcing agents due to the very-large surface area
availablefor polymer/fillerinteractions. Thevery low, 45psi, tensilestrength
of the unfilled silicone increased to 210 psi with 14 phr of LM-130 fumed
silicaand to 150 psi with the samelevel of TS-720 fumed silical®®

Improved flow properties. The flow properties of an adhesive are
largely controlled by itsinherent viscosity and by thealteration of itsviscosity
throughtheaddition of diluentsandfillers. Flow propertiesareimportant for
screen-printing, automatic dispensing, and capillary flow, and can betail ored
by the type of filler, amount of filler, and the particle-size distribution.
Thixotropic properties are important in depositing adhesives in precise
thicknessesand geometrieswithout excessiveflow-out. Thixotropicfillers
prevent slumping of the adhesive until it isfully cured. Thisisespecially
important when the adhesiveisapplied in avertical position such asafillet
onacomponent. Cab-O-Sil, acolloidal (fumed) formof silica, isoftenadded
toaformulationin concentrationsof 1%—2%to providethixotropy, render-
ingit easy toscreen-print or dispenseautomatically. Cab-O-Sil enhancesthe
formulation propertiesasfollows:
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« Improvesflow control, includingthixotropy.

« Minimizesor eliminatessettling during storage.
« Allowsextrusioncontrol during dispensing.

* Prevents sag or ssump during cure.

Surfacetreatmentsfor Cab-O-Sil alsoinfluencetheviscosity and thixotro-
pic propertiesof an adhesiveasshowninFig. 3.18 whereM S-5isuntreated
Cab-0-Sil, TS-720istreated with polydimethylsiloxane, and TS-610and TS
530 are treated with dimethyldichlorosilanes. The silicafiller treated with
polydimethylsiloxane (TS-720) produces greater van der Waals forces of
attraction and thus higher viscosity compared to TS-610 and TS-530.[6%

The surface area of thefiller has a pronounced effect on viscosity. As
thesurfaceareaof silver-flakefiller increases, thefrictional forcesbetween
particlesincreaseresultinginhigher viscosity. Epoxy formulationsfilledwith
constant-size silver flakes of various surfaces areas show this effect when
viscosity isplotted asafunction of thefiller surfaceareas(Fig. 3.19).149166]

Extended pot life. Ingeneral, pot lifeisincreased through formul ation
withfillers. Fillerslower theexotherm occurring during curing by controlling
the concentration of reactants in a given mass. The exotherm heat is
dissipated over the samplesize, especialy inthe case of fillershaving high
thermal conductivities.!5?

10° ® Vs

W TS-720
& T15-610
ATS-530

10* —

Viscosity After 1 Hour, MPa.s

10°

| { { [
0 2 4 6 8 10

Weight Percent Silica

Figure 3.18. Viscosity increase with increasing Cab-O-Sil® filler and effects of
surface treatments.[65]
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3.2.2 Rubber-Toughened Formulations

Adding small amounts of reactive flexibilizers to an epoxy resin can
reducethemodulusof elasticity, glass-transitiontemperature(T,), and CTE
of an otherwise hard and brittle material. Rubber-like materials such asa
carboxyl-terminated acrylonitrile-butadienecopolymer (Fig. 3.20) areused
inepoxy formulationsto reducestressesand prevent cracking. Thecarboxy!|
group reacts with the epoxy resin to produce an epoxy-terminated rubbery
polymer. Small amounts of liquid rubber domains become interspersed
within the epoxy matrix and mitigate crack propagation.!®”] Masterbond®
10HT, an example of a rubber-toughened, stress-absorbing epoxy, was
qualified by Boeing for bonding ceramic components to printed-wiring
boards. 81169

Polyamidescontainingamino groupsareal so excellent flexibilizersfor
epoxiessincethey co-react withtheepoxy resinandintroducetheir inherent
thermoplastic properties.

A second approachtoreducing modulusandflexibilizinganadhesiveis
toaddaplasticizer totheformulation. Sincemost plasticizersareof rel atively
low-molecular weight and do not co-react with the resin, thereisarisk of
separation, leaching, or outgassing during thermal or thermal-vacuum
environments.

Ingeneral, flexibilizersimprovethelow-temperature bond strengthsat
-50°C or lower by reducing stresses, but often at the expense of reducing
high-temperature strengths.
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Figure 3.20. Acrylonitrile-butadiene copolymer.

3.2.3 Diluents

Diluentsarelow-molecular-weight, |ow-viscosity compoundsthat are
used to reduce the viscosity or enhance the solubility of a resin and/or
hardener. Diluents may be either reactive or non-reactive, but the reactive
typesaremoredesirabl e sincethey combinechemically withthemainresin
during cure and are not free to outgass or leach, especially during thermal-
vacuum exposure. Epoxy diluents, for example, are formulated together
with epoxy resins to reduce the viscosity and still remain 100% solids.
Normally, solvents would be used to reduce viscosity, but most organic
solventsare now being disallowed because of their high volatileemissions.
Some long-chain aliphatic reactive diluents can also improve the flexural
strength of epoxy adhesives.

Examplesof reactivediluentsfor epoxy resinsinclude: phenyl glycidyl
ether, butylglycidyl ether, allylglycidyl ether, and glycerol-based epoxy
resins. Diluentsshould beused sparingly inamountsof 5-15 phr, enoughto
reduce the viscosity of the adhesive, yet not degrade the properties of the
cured material.

3.24 Formulation Processes

Paste adhesives. Paste adhesive formulations are produced by mixing
the baseresinwith low-molecular weight diluentsor solvents, if necessary,
toreduceviscosity. Other prepolymer resinsmay beadded and agitated until
dissolved. Viscosity andtemperature are continuously monitored and more
diluentsor resin added asrequired. Finally, one or moretypesof fillersare
added and mixed and theviscosity of themixtureisadjusted. Inincorporating
thefiller into theresin, best results are obtained when thefiller ispreheated
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todriveoff moistureand adsorbed gases. Thorough mixinginathree-roll mill
minimizesthe occlusion of air during mixing. The final mixtureisusually
filtered and degassed prior to being packaged as Part A of a two-part
system. Frequently, theresin batch isfiltered through anylon mesh. Where
thecuring agent providesal ong pot lifeor shelf life, or wherethecuring agent
isof thelatent type, it may mixed withthePart A resin, degassed, packaged,
and stored either at room temperature or at -40°C, depending on the
reactivity of themixture. Inthe case of one-part frozen adhesives, theresin
and hardener componentsarerapidly mixed, degassed, insertedin syringes,
and quick frozen (Fig. 3.21).

The hardener portion (Part B) may also be mixed withfillers, diluents,
solvents, and other additives. Fillers may be mixed in the resin portion
aone or partly in the resin and partly in the hardener portion. Adhesion
promoterssuchasDow Corning A-180silanemay al so beadded to enhance
the adhesion of the filler particles to the resin or hardener. Examples
include several electrically conductive epoxy formulations that were
usedto eval uatetheir el ectrical stability onnon-noblemetal surfaces.[> The
base epoxy resin was the diglycidylether of bisphenol-F (DGEBF,
equivalent wt. = 170 g). Methylhexahydrophthalic anhydride, hexahydro-
phthalic anhydride, and 4-methylphthalic anhydride were evaluated as
curing agents with 4-methylimidazole as a catalyst. The manufacturing
procedure was:;

» Add curing agent to awei ghed amount of epoxy resin
(0.85:1anhydride/epoxy ratio).

» Stirwithheating until homogeneous.

» Cool toroomtemperaturethen add 0.5% (by weight of
resin) of 2-ethyl 4-methylimidazole(ShikokuChemica’s
Curezol® 2E4MZ) and mix. Curezol is a registered
tradename of Air Products and Chemical Company,
Inc.

* Add silver-flake filler (Ferro's 26LV) to the resin
mixtureat 80% by weight and blend inathree-roll mill
until homogeneous.

Examples of formulationsfor specific applicationsaregivenin Table 3.9.
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Figure 3.21. Manufacturing steps in formulating one-part and two-part paste adhesives.
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Table 3.9. Examples of Adhesives Formulations

Adhesive General Formulation* Examples
Type
DGEBA Resin (GY 6010, DER 331, | Amicon125Ds,
. Amicon E 6752,
Shell 828):40-50% ®
. . Epo-Tek™ 70E-4
Amine epoxy adduct or polyamide ; ®
T L ® ® Chipbonder
Surface- (Versamide®, Ancamide”™, Aradur, . ;
. series (Loctite),
mount etc.): 20-30% Epi-bond® 7275
adhesives | Mineral filler and thixotrope: 12-25% | oo
(Vantico)
Mondur M C/castor oil and cagtor oil Flexobond 444
polyols (>60%), filler (<5%) Bacon Ind.
. . Epoxy Resin (Bisphenol-F): 15-25% Ablebond 84-1
Dispensible . . ! i Series,
. Diepoxide diluent: 1-15%
electrically . o Epo-Tek 3001,
- Aromatic amines: 5-15%
conductive : . Ablebond 967-1,
adhesve Silver fIake(Ferr.o 26 L\é, Silflake Epo-Tek H20
282, etc.): 50-80% eries
Dispensble Epoxy Resin (Bisphenol-F): 15-25%
electricaly Diepoxide diluent: 8-15% Ablebond 84-3
insulative Aromatic amines: 1-5% and 84-3 LV
adhesive Filler: 40-50%
High-purity Bisphenol-A (Epiclon)
High-T, die- and cycloaliphatic resins (Araldite, .
attach ERL): 15-24% =pi-bond 7002
adhesve Anhydride curing agents: 12—24% P
Catdysts 1-2% Filler: 50-70%
Epoxy resns (high purity Bisphenol-A
Underfill and cycloaliphatic resns): 45-60% .
adhesve Resin modifier: 1-5% ALb(I)gth;igi%gl,l
(snap cure) Curing agents (amine): 3-5%
Filler (amorphous dlica): 50-80%
High
performance, Epoxy resin: 10-30%
high-T, and Acid anhydride: 10-30% Loctite 3564
fast-flow Silica, amorphous 50-70%
underfill
*Excludes additives, primers, stabilizers, ec.

(cont'd.)
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Table 3.9. (Cont'd.)
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Ac_irr;/%sueve General Formulation Examples
Novolac and Bisphenol-F epoxy
resns: 40-50%
No-flow, Methyl hexahydrophthalic anhydride: .
fluxing type 20-30% Am'c‘l’QS'EBSO*
underfill Polysebacic and proprietary anhydride
mixture: 7-12%
Thermoplastic copolymer
No-flow Epoxy resn: 40-70%
underfill Epoxy curing agent: 15-40% 3M UF-3400
Hydrogenated bisphenol-A: 7-13%
Nitrile-modified epoxy, glass-supported
;ugsthrate fabric, aromati c-substituted urea curing Ablebond 550
reform agent or aliphatic ether amine: 10-15%
P Dicy catalyst: 1-29 MEK solvent: <5%
Silicone Part A: Silanal fluid (70%), slica
RTV powder (28%), ethyl silicate (2%)
(low tear Part B: Silicone fluid (50%), silica Dow Corning 838
strength) powder (45%), DBTL catalyst (5%)
g (Catalyst TL10, Anders)
Silicone Part A: Silanol fluid (70 %), slica
powder (28%), ethyl silicate (2%) .
(F;T\{] or Part B: Silicone fluid (50%), silica D;&C%rl%g
strgn ih) powder (45%), DBTL catalyst (5%) '
g (Catalyst TL10, Anders)
Low and high viscosity chloroplaanic or :
Heat cured organo platinum catalyst (1-5 ppm), %?(\;\(/3(():50 rgrl]rég
silicone vinyl resin blend (Polymer VS-50, 100, 3-62&55
90,000 Anders)
*Excludes additives, primers, stabilizers, ec.
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Film or preform adhesives. Film or preform adhesives are produced
by casting the premixed resin and hardener onto release liners. Single or
multiple master batches of the resin mixed with the hardener are first
weighed, mixed, and milled, similar tothe pasteadhesives. Themixturemay
be screened through anylon meshto remove gelled particlesand degassed.
Adhesive isapplied in atwo-step process. First, adhesiveis coated onto a
release liner and laminated to asupport reinforcement such asglassfabric.
Primer, such asDow Corning Z-6040, may be applied to thefabric prior to
applying the adhesive. Adhesive may also be applied to the second side of
the preform or reinforcement in a “second pass’ lamination. The final
product is accumul ated between release liners (Fig. 3.22).

Premixed frozen adhesives. Two-part adhesives may be mixed,
deaerated, packaged in tubes or syringes and frozen. The processing of
frozen adhesivesisbest done by the adhesives supplier who is experienced
in performing these steps.[*!! The user thus avoids errors that can be made
by production workersin accuratel y weighing, mixing, and vacuum degas-
sing the adhesive prior to use. The use of frozen adhesives also minimizes
handling and reducesexposure of workerstotoxic or irritant componentsof
the adhesives, especially curing agents such as amines used with epoxies.

Frozenadhesivesaretransportedin containerswithdry iceat-80°Cand
must be stored at -40°C until ready for use, at which time only the amount
needed, isthawed and dispensed. The adhesive should be thawed to room
temperatureinitsoriginal closed container sincethawing whileexposed to
air causes moisture condensation and absorption. After dispensing, any
unused adhesive should not berefrozen sinceaportion of itspot lifehasbeen
expended. Adhesives that are shipped in dry ice or stored at -40°C may
contain a temperature indicator, a cube of red material that melts if the
temperature exceeds -40°C.

3.3 PROPERTIES

The properties of cured adhesives are a function primarily of their
chemical structures, formulation ingredients, and curing conditions. To a
large extent, properties such as thermal stability, moisture resistance, and
electrical performance can be predicted based on the molecular structures
of the basic resins and curing agents used and the type and degree of
polymerization that occur. Thus, polymers that are highly aromatic or
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Figure 3.22. Manufacturing steps in formulating film/preform adhesives.
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heterocyclic (imidesand triazines) and thosethat arehighly crosslinked are
more thermally stable and radiation resistant than their aliphatic linear
counterparts. In Table 3.10, the general properties of the major polymer
types used in adhesive formulations are compared. These should be
considered general guidelinesbecause of the numerous possiblevariations
inthechemical structuresof any onetypeof polymer resin, variationsinthe
typeof curing agent that can be used, and thelarge number of additivesthan
can be formulated. The properties of a specific adhesive should always be
experimentally measured.

Table 3.10. Comparison of Adhesives for Electronic Applications

Material Advantages Disadvantages
. Longer curecycles with
High-temperature use. X
Good moisture and chemical D a:sr;y:n:je hgrrgder;gst. o
Epoxies resistance. €9 9 requ W
High purity. component systems.
L 2 Exotherms in large quantities for
ow outgassing. ; .
amine-curing agents.
Highest purity. Migrate to other circuit elements.
Silicones Stress absorbing. Low surface energy.
High and low temp. stability. Swelled by nonpolar solvents.
Good flexibility at low Lower thermal stability and
temperatures. service temperature than epoxies
Polyurethanes Stress absorbing. (150°C-163°C). Average bond
Highly versatile chemistry. strength unless primer used.
Trapped solvent can produce voids
Higher temperature stability | under large|Cs. Multi-step curing
Polvimides compared to epoxies. required to volatilize solvent.
y Higher ionic purity. High-stress materid s May absorb
Reduced bleedout. moisture in cured condition.
Cannot be B-staged.
High-temperature stability. High-firing temperatures.
Silver glass Low outgassing. High-stress adhesive.
Close CTE match to silicon. Voiding dueto solvent.
Cyanate ngh adhesion stre_n_gt h. High-moisture absorption.
esters ngh thermal stability. Popcorn susceptibility.
High Ty, low CTE. '
Modified
cyclo-olefin Low moisture absorption. . .
thermoset Reduced popcorning. Marg nif;)d;z;n to some
(MCOT) Excellent adhesion. '
technology
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3.3.1 Properties of Epoxy Adhesives

Of the many polymer types, epoxies have the best combination of
propertiesthat aredesirablefor el ectroni cspackaging and consequently are
widely used. Among these properties are their high adhesion to aimost all
surfaces, good el ectrical insul ating propertieseven under el evated tempera-
ture and humidity conditions, ease of curing and processing, low cost, and
ease of reworking. Some limitations, which can be obviated, are their
moderate-to-high absorption of water due to their highly polar structures,
high amounts of chloride and other ions if not well purified, and risk of
outgassing if not cured well or not vacuum baked.

Purity. Major improvements have been made in the amounts of
chloride, potassium, and sodium ions and in the total ionic content of
adhesivesthat are sold for electronics applications. M ost €l ectronic-grade
epoxy adhesives contain only 35 to 60 ppm of chlorideion, 15-20 ppm of
sodium ion, and 1-5 ppm of potassiumion. In fact, some formulations are
available that havelessthan 5 ppm for all theseions. Theselow ionlevels
have been achieved through distillation of theresinsor water extractionsor
by using epoxidized ol efin resinsinstead of bisphenol-A typeswherethere
isno sodium chlorideby-product to beremoved. Theoutgassing of ammonia
and low-molecular-weight amines has al so been reduced or eliminated by
avoiding the use of excess amine-curing agents, postcuring or curing at
higher temperatures to assure complete reaction, or by using more stable
amine-curing agents such asimidazol esinstead of Dicy.

Adhesion. Adhesion of epoxiesisamong the highest of all polymers.
Asdiscussedin Ch. 2, thisisduetothehighly polar structuresof epoxiesand
their wettability to most surfaces. Lap-shear strengths of aluminum-to-
a uminum bonded specimensaretypically 2,000 psi, but may runashighas
6,000 psi for someformulationsand cureconditions. Die-shear strengthsfor
electrically conductive and electrically insulative epoxy adhesives range
from 5,000 psi to 7,000 psi, with snap-cured adhesivesbeing at thel ower end
of therange. Integrated-circuit die, aslarge as500 milssquare, bonded with
silver-filled epoxies are capabl e of surviving severe accel erated tests such
asconstant accelerationintheY , direction of 5,000 gramsdefinedin MIL-
STD-883, Method 5011.17° Epoxy-attached components are also able to
pass other MIL-STD-883 and MIL-PRF-38534[71 thermal cycling, heat
aging, vibration, and mechanical shock tests. Failures have only occurred
when the bonding surfaceswere not well cleaned or when the adhesivewas
not processed according to the manufacturer’ sinstructions.
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Thermal and thermomechanical properties. The thermal conduc-
tivitiesof unfilled epoxies, aswithall other unfilled polymers, arequitelow,
typically 0.1-0.2 W/m-K. When filled with metal or thermally conductive
nonmetal fillers up to 80%—85% by weight, the thermal conductivities
increase a minimum of tenfold. Some silver-filled epoxies are reported to
havethermal conductivitiesashighas6.5to 8W/m-K (Al Technology ESP
8350 and ESP 8680, respectively).

Thermal stabilities of adhesives may be measured by conducting a
thermogravimetric analysis (TGA) test, that is, measuring weight lossasa
function of increasing temperature at a constant rate, usually 10°C per
minute. Thermal stabilities are often reported as weight loss at 300°C for
comparative purposes. TGAs may also be performed at constant tempera-
ture (isothermal weight loss) asafunction of time. Epoxy adhesivesshould
actually be compared at 200°C or, at most, 250°C because, above 250°C,
rapid decomposition begins to occur and also because adhesives used in
€l ectroni c applicationsseldom requireexposuresabove 250°C. Figure 3.23
comparesthe TGA curvesfor an epoxy film adhesive cured at 150°C for 2
hoursversusaPEEK® film. Inthisexample, the epoxy showsaweight loss
of dlightly over 1% at 300°C, but a sharp increase above this temperature,
indicating the onset of rapid decomposition. In comparison, the PEEK film
wasthermally resistant above 300°C.[" The best silver-filled epoxy adhe-
sives show losses between 0.2% to 0.5% at 300°C.

Thermal expansion properties. The CTEs of most filled epoxy
adhesives range from 25 to 50 ppm/°C but, as discussed in Ch. 2, increase
three- to fourfold above their glass-transition temperatures.

Electrical properties. Theinitial electrical properties of fully cured,
electrically insul ative epoxy adhesives, regardl essof thecuring agent used,
are excellent under normal ambient conditions. Volumeresistivitiesrange
from 10'2 ohm-cm to above 10*° ohm-cm, dielectric constants from 2.8 to
4.8, and dissipation factorsfrom 0.003 to 0.04 when measured at 25°C and
1MHz. Dielectricstrengthsrangefrom 420 volt/mil to above 1,300 volt/mil .
Although these initial electrical values are excellent, they can degrade on
exposure to moisture and/or thermal aging. Both dielectric constants and
dissipation factors increase with absorbed moisture (Table 3.11). Volume
resistivitiescan drop several orders of magnitudeto 10*° ohm-cm or below
on temperature-humidity exposure such asthe widely used 85°C/85% RH
test or the 10-day temperature-humidity cycle test per MIL-STD-202.17
The high polarity of epoxy polymers that imparts such strong adhesion
propertiesunfortunately al so rendersthem hydrophilic, absorbing moisture
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tovariousdegreesdepending onthe particul ar epoxy and itsdegreeof cure.
If after exposure to humidity and temperature, the adhesive has not
decomposed or changed chemically, drying or vacuum baking usually
restoresthe original electrical values.

For electrically conductive metal -filled adhesives, diel ectric constants
anddissipationfactorsarenot meaningful parameters, but volumeresistivities
and contact resistancesare significant. Thevolumeresistivitiesfor the best
silver-filled epoxiesrange from 1 x 10 to 8 x 10" ohm-cm.
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Figure 3.23. Thermal stability of an epoxy compared with PEEK® film.[Z]

Table 3.11. Electrical Properties of an Anhydride-cured Bisphenol A
Epoxy*

Property Initial Value Water Immersion (24 hr)
Dielectric constant
60 Hz 412 4.19
1kHz 4.07 4.15
1 MHz 3.55 361
Disd pation factor
60 Hz 0.0035 0.0043
1kHz 0.015 0.016
1IMHz 0.032 0.032
Volume resistivity 1.81 x 10% 231 x 104
(ohm-cm)
*@ Cured with methyl nadic anhydride (MNA) 16 hrs @ room temperature plus 4.5 hrs
150°C
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3.3.2 Properties of Silicone Adhesives

Amongthemajor propertiesof silicones, distinguishingthemfromother
polymer types, aretheir wide range of operating temperatures (from-80°C
to over 300°C), their inertness and chemical stability, and their excellent
electrical insul ationand diel ectric properties. Other uniquefeaturesinclude
high purity, low stress, |ow moi stureabsorption, resi stanceto oxidationand
chemicals, andinherent flameretardancy. Amongthelimitationsof silicones
aretheir high moisturetransmissionrates, |ow tear andtensilestrengths(for
some formulations), and migration of low molecular weight species to
adjacent surfaces during cure.

Depending ontheir molecular weightsand degreeof cure, siliconesmay
exist asliquids, gels, or solids; may be solvent based or solventless (100%
solids); and may be either one-part or two-part systems. For adhesives
applications, the one-part, 100% solids, room-temperature curingtypesare
preferable. One-part silicones are generally the RTV and moisture-curing
types. They are user-friendly requiring no weighing, mixing, or deaerating
and cure on exposure to air moisture in a few hours. To assure complete
cure, however, adhesive-bonded parts should cure for 24—72 hours. The
cure time can be shortened by exposure to higher humidity than is present
inair or by ashort heat exposure. Sometwo-part siliconescan beheat cured
at 105°C-110°Cinonly 10-15 minutes.

Thermal and thermomechanical properties. Silicones, as a class,
are rated among the highest temperature stable polymers. They can
withstandtemperaturesof 200°C, almost continuously, without degradation
of physical or electrical properties and have been used at temperatures as
high as 300°C. Because of their high thermal stabilities, they are used as
adhesives and encapsulants for electronic modules that are expected to
perform in extreme temperature environments, such as near automotive
engines and in deep-well sensors. Because of their low moduli of
elasticity, siliconesalsofarewell at very low temperatures. They arerated
for continuous use at -80°C, but may be used at even lower temperatures.

Associated with their low moduli and elastomeric properties is their
ability to dissipate stresses and to act as stress buffers between harder, less
flexible materials such as epoxies. Because of their stress-dissipating
properties, soft silicones are often used to bond or encapsulate fragile
componentssuch asglassdiodes, laser diodes, and el ectro-optical devices.
However, the CTEs of elastomeric silicones are generally high (about 200
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ppm/°C or higher) which, to an extent, offsetstheir stress-relieving proper-
ties. Other thermal propertiesare givenin Table 3.12.

Humidity resistance. The behavior of siliconestowardswater differs
considerably fromthat of other polymer types. Generally, apolymer that has
ahigh water absorption will also have ahigh moisture-vapor permeability.
Silicones are unique in that they have low moisture absorption, yet high
moisture-vapor transmission rates(MVTRS). Siliconesare al so hydropho-
bic and often used as water repellants. However, even their high MVTRs
are not of great concern for electronics. Because of their high purity,
especially the semiconductor-grade silicones, moisture has little effect on
their dielectric properties.

Electrical properties. The electrical properties, especialy for the
high-purity semiconductor-grade silicones, are excellent even at tempera-
tureextremesof -80°C and 200°C and in high humidity. Siliconeadhesives
areavailableaselectrically conductive and as el ectrically insul ative types.
Typical electrical propertiesfor moisture- and heat-cured siliconeadhesives
aregivenin Table 3.12.

Physical properties. Among some limitations of silicones are their
poor tear resistances and low tensile strengths. Y oung’ smodulus for some
highly flexible siliconesrange from 0.5 MPato 20 M Pa, depending on the
formulationand cure. L ap-shear strengthsareal sorelatively low compared
with epoxy adhesives. They generally range from 140 psi to 875 psi
depending on the formulation. The heat-cured silicones have better me-
chanical propertiesthanthe moisture-cured RTV types. Other physical and
mechanical propertiesaregivenin Table 3.13.

3.3.3 Properties of Polyimide Adhesives

Polyimidesarenotedfor their excellent thermal and radiationresistance
propertiesresulting directly from their highly aromatic polymer structures
(see Sec. 3.1.3). Polyimide adhesives are stabl e in continuous operation at
250°C and for shorter durationsup to 400°C. Theglass-transitiontempera-
tures, typically 180°C-240°C, are a so higher than epoxies and most other
polymer types. Thermal weight losses are also much lower than for some
of the best epoxies. Figure 3.24 compares the weight loss at 250°C of an
anhydride-cured epoxy with apolyimideasmeasured by thermogravimetric
analysis(TGA).



Table 3.12. Thermal and Electrical Properties of Silicone Adhesives*

. Therrr_]a! CTE, Dielectric Strength, | Dielectric Congant Disspation
Silicone Type Conductivity, m/°C v/mil @ 100 kHz Factor
W/mK PP @ 100 kHz
One-part, moisture-
cure RTV 0.18 250-380 480-510 2.38-2.83 <0.001
Two-part, room-
temperature cure 0.31 285 510 3.28 <0.002
<0.001to
Heat cure 0.32-0.35 256-300 350-577 2.78-3.02 <0.0002

*V alues compiled from a number of Dow Corning silicone adhesives and represent ranges for each category. Dow Corning should be
contacted for specific formul aions and values for specifi cation purposes.




Table 3.13. Physical and Mechanical Properties of Silicone Adhesives*

: . . Unprimed L ap- .
- Tensile Strength, Elongation, Tack-freeTime Unprimed Peel

Sllicone Type psi % @ r.t., min. shear itsriength, Strength, ppi
One-part,
moaisture-cure 170-250 185-660 4-70 140-200 30-75
RTV
Two-part, room-
temperature cure 250 225 - 230 10
Heat cure 769-950 150-265 - 550-875 -

*Val ues compiled from a number of Dow Corning g licone adhes ves and represent ranges for each category. Consult Dow
Corning for specific formul ations and values for specification purposes.
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Figure 3.24. Weight loss of polyimide vs epoxy at 250°C in nitrogen.[*

Along with the advantages just cited, polyimides suffer some weak-
nesses. They are much more difficult to process and cure than epoxies and
other polymer types. Theprecursorsmust bedissolvedinahighly polar, high-
boiling solvent such asN-methyl-2-pyrrolidone (NMP) in order to process
them as film or paste adhesives. To completely remove these solvents or
traces of remaining solvent requires temperatures of 150°C-200°C. The
actual curing (imidization) requires step curing to temperatures as high as
400°C although modified polyimideswill cureat |ower temperatures. Lastly,
like epoxies, cured polyimidestend to absorb moderate to large amounts of
water in humid environments. Water absorption may run as high as 2% at
saturation, which degradestheir electrical properties. Figure 3.25 showsa
direct increasein dielectric constant asafunction of exposureto increasing
relative humidities. Figure 3.26 shows the increase in capacitance as a
function of time exposed to 85% RH and 85°C.
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Figure 3.25. Effect of relative humidity on the dielectric constant of polyimide.[75176]
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exposure.
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3.34 Properties of Polyurethane Adhesives

Polyurethanes, formulated as adhesives, are mostly two-part systems
and must be mixed and deaerated prior to use. Like epoxies, they arehighly
polar, thus, havegood adhesiontoalargevariety of surfaces, buttheir highly
polar structures also result in a high affinity for moisture. On prolonged
exposureto humidity-temperature environments, many of theearly formu-
lationsrevertedtothemonomers. Reversionwascaused by hydrolysisof the
urethane and ester groups, breaking up the solid polymer into a sticky
semisolidor fluid material. Somekey propertiesof polyurethane adhesives
aregivenin Table 3.14. Their advantagesinclude thefollowing:

» Highflexibility and ability to dissipate stresses.
* Excellent adhesion to awide variety of substrates.

» Resistance to solvents commonly used in cleaning SMT
assemblies.

» Ease of reworking by melting with ahot solder iron.

» Flexibility even at cryogenic temperatures.
Somelimitationsarethefollowing:

* Lessthermally stable than epoxies.

* Hardening and embrittlement on exposure to ozone and
UV radiation.

 Difficulty in processing dueto short pot lives.

» Extrasafety precautions dueto handling and exposureto
toxic isocyanates.

3.3.5 Properties of Cyanate Esters

Cyanate-ester adhesives are available as either pastes or films. They
are often blended or toughened with epoxy resins or other polymers and
widely usedfor dieattachment, underfill, and encapsul ants. Cureschedules
aregenerally 165°C-175°C for 1-2 hours, but snap-cure formulations are
available that cure in 10 seconds at 220°C. The thermal properties of
cyanate-ester adhesives are superior to those of epoxies. They are capable
of withstanding temperatures of 200°C when postcured and have glass-
transition temperatures ranging from 140°C-245°C, depending on the
curingtemperature. Curingat 165°C-175°Cfor 1-1.5hour generally results



Table 3.14. Properties of Some Polyurethane Adhesives

Product Viscosity Shelz lite Cure Hardness NASA Outgassing Lap- CTE Volume Thermal
. (-40°C), (ShoreA, Shear (ppm/°C) Ty P =
Name/ Description (cp9) - Schedule Tes Results o Resigtivity | Conductivity
Supplier PaLife | % gec [ unless | agrm pses) | Strength €O | (ohm-em) | (wimk)
(25°C) indicated) (psi) a | o
One-part 0.471 % total mass
Urdane thermal-transfer loss (TML), 0.011
7760/ adhesive (CTE 43}?8?-3(51\2; 33";?:’ fb%% 70 collectiblevolatile | 200 | 29 | 88 | -63 | 2.9x10% 0.69
Vantico mismatched condensible
parts) materials (CVCM)
Flexobond Thermally
442/Bacon conductive, Pagte 3 o/ 8225@0 78 O 500 |NA|NA| NA 10 0.864
Industries flexible system ’
DISA- Soft, two-part
L o 115,000 (Part 6 mos
PASTE mineral-filled ' o 4@ 0.15% TML, 14
2000-A/B/ dectricaly 5 ('S;'t B (ig ri);/ 100°C 83 0.004 % CVCM 425 |31 |147| -60 | 7x10 0.744
Aptek Labs. insulating
DISA-
One-part, soft 6 mos
PASTE i g . 6@ 0.15% TML, ) 1
2001PVIE/ mi r;ejrr?lesflllléed 140,000 (2>52 ﬁ)*/ 85°C 83 0.004 % CV CM 425 31 | 147 60 7 %10 1.384
Aptek Labs. rs
DISA- One-part, soft 150,000 (A), 6 mos
PASTE tatiah 2,700 (B) . 6@ 0.27%TML, ) .
o003y | Mineal filled (ASTM @O | esc 80 0.006 % CV CM 260 |31 |17 €0 | 2x10° 0.744
Aptek Labs. D-1824) rs
DISA- .
Electrically ] )
PASTE X : Thixotropic 6 mos/ 0.75@ 0.51% TML, g 15
2010-PMF/ insulating, paste >2hrs 125°C & 0.04% CVCM 300 | 50 | 160 | <70 | 80x10 0.80
hybrid adhesive
Aptek Labs.

*Sedled containers. (Source: Compiled from suppliers technical data sheets.)
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in T, between 140°C and 147°C, whilecuring or postcuring at 300°C for 30
minutes increases the T, to 200°C-250°C.I"" Coefficients of expansion
below the T, rangefrom 30-45 ppm/°C. Thepolymer derived fromthebasic
dicyanate of bisphenol-A (CibaGeigy’ sAroCy B®) isreported to have aT,
of 289°C.I* Cyanate esters have been selected for use in many space
programsbecauseof their low outgassing inthermal -vacuum environments
and their high radiation resistance.*¥ Because of their unique chemistry,
cyanate-ester adhesives arereported to havelow moisture outgassing (less
than 1,000 ppm in asealed cavity package) and lessthan 1% weight loss at
300°Cwhenmeasured by thermogravimetricanalysis(TGA). This, coupled
withtheir high purity andlow ioniccontent (<20 ppmNa*or K* and<10ppm
CI"),["7 renders cyanate esters highly desirable as die-attach and underfill
adhesives for space applications.

Another property of cyanate estersimportant in reducing or avoiding
popcorning during solder reflowingistheir relatively low moisture absorp-
tions. Moisture absorption at saturation in boiling water ranged from 0.7%
to 2.5% depending on the starting cyanate monomer.

The electrical properties of cyanate esters are also quite good, even at
high frequencies. Because of their low diel ectric constants and dissipation
factors extending into the gigahertz range, there has been considerable
interest in cyanate esters for high-speed circuits. One formulation is
reportedto haveadiel ectric constant of 2.8 and adissi pation factor of 0.003
at 10 GHz.["® Others range from 2.6 to 2.9 at 1 MHz. The bisphenol-A
derivativeisreported to haveadielectric constant of 2.9at 1 MHz and 2.79
at 1 GHz. Itsdissipation factor is0.005 at 1 MHz and 0.006 at 1 GHz. The
hexafluorobisphenol-A (Ciba Geigy’s AroCy F®) exhibits even better
electrical properties: dielectric constant of 2.66 and 2.54 at 1 MHz and 1
GHz, respectively, and DF of 0.005 at both 1IMHz and 1GHz.[3¥ These
electrical values are much better than those for epoxies and are attributed
tothe highly symmetrical macrostructuresand absence of strong dipolesin
the cured cyanate-ester polymers.

In spite of their low polarities, cyanate esters adhere well to metal
conductors and maintain good adhesion up to 250°C. They are thus
compatible with solder-reflow temperatures. The adhesion strengths of
toughened cyanate-ester adhesives, asmeasured from al umi num-to-alumi-
num lap-shear specimens are reported to be 5,900 psi at 25°C, 2,572 psi at
-67°C, and 4,000 psi at 82°C.
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3.3.6 Properties of MCOT Adhesives

Inmany respects, the propertiesof the modified cyclo-ol efin thermoset
(MCOT) adhesives are similar to those of the cyanate esters. Both types
were devel oped to solve manufacturing problemsinthedieattachment and
encapsulation for BGA and chip-scal e packages where the high moisture
absorptionsof other polymer types, such asepoxiesand polyimides, resulted
inrapid moistureexpul sion popcorn effect during subsequent sol der-reflow
steps. MCOT adhesiveswhen cured at 150°C for 30 minutes or lessabsorbed
lessthan 0.05% water at 85°C/85 RH conditions after 168 hoursand 0.1%
even after HAST* testing at 150°C, 85% RH, 168 hours.!*™ Also, aswith
cyanateesters, MCOT adhesivesare cured by addition polymerization, release
no by-products, and contain very low traces of ionic impurities. Properties
for two commercially available MCOT adhesivesare listed in Table 3.15.

3.3.7 Properties of Acrylates and UV-Curing
Adhesives

Acrylateadhesivesdiffer from other polymer typesintheir ability to be
curedrapidly by exposureto UV and/or visiblelight. Their main advantage
over heat-curing adhesivesisin bonding heat-sensitiveel ectronic devicesin
5 to 30 seconds at room temperature. Ultraviolet/visible light curing also
alowstimeto positionadevice, awire, or anoptical fiber priortocure(curing
on demand). Acrylate adhesives are used for wire tacking, lens bonding,
sealing, and fiber-optic circuit assembly. Adhesives asthick as 0.5 inches
canbecuredwith UV light whiledepthsof 1-3inchescan becuredwiththe
visibleand visible/UV types.!®9 Formulations are available having awide
range of viscositiesapproximately 500 cpsto 45,000 cpsfor 3M’sLC 1100
and 1200 series of Light-Cure® adhesives and 120,000 to 300,000 cps for
Dymax’s 900° series adhesives.

The mechanical and electrical properties of acrylates are similar to
thosefor many other polymer types. Tensile strengthsrange from approxi-
mately 1,300 psi to 4,500 psi and shear strengths of PCB lap samplesrange
from 424 to 566 psi. Aluminum-to-aluminum lap-shear strengths are re-
ported at approximately 3,000 psi.[8Y Electrical volumeresistivities under
room ambient conditionsranged from 1 x 1014 ohm-cmto 1.4 x 10%¢ ohm-
cm. dielectric constantsfrom 3.15t0 3.43 at 10 MHz and dissipationfactors

*Highly Accelerated Stress Test per JEDEC-STD-22-A110.[7
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from 0.017 to 0.024 at 10 MHz. Dielectric strengths ranged from 1,320 to
3,790 volts/mil.[8 Adhesives may range from semi-rigid to very flexible
depending ontheformulation.

Other properties of UV-cured adhesives of benefit to the electronics
industry arethat they are one-part systems, 100% solids (no solvents), and
can be stored at room temperature.

Table 3.15. Properties of MCOT Adhesives!®®!

Thermally Conductive

Electrically Conductive

(ohm-cm)

Property Paste Paste
Filler type & percent Boron nitride, 40% Silver, 80%
Viscosty, Pa-s 10 10
Cure temperature 100-150°C 100-150°C
Curetime <30 min <30 min
Pot life @ 25°C 16 hrs 16 hrs
Shelf life @ -40°C >6months >6 months
Extractableions <10 ppm <10 ppm
I
e a a
Cured Properties
CTE (20-200°C) 85 ppm/°C 78 ppm/°C
Modulus @ 25°C 1,000 MPa 1,000 MPa
Modulus @ 200°C 150 MPa 165 MPa
Glass-transition temp. 65°C 65°C
fﬁéﬁ&?ﬂ?@" (W/mK) 10 2.3
Volume resistivity NA 15x 10°
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3.3.8 Properties of Film Adhesives

Almost all filmadhesivesusedinelectronicsassembly areeither epoxies
or polyimidesonaglassfabriccarrier. Filmadhesivesmay bethermoplastic
or thermosetting and generally B-staged or partially cured. They may also
beelectrically conductiveor electrically insulative aswith paste adhesives.
Total film thicknesses (including the carrier) range from 3—10 mils with
carrier thicknessesof 14 mils.[82[83] Heat curingisperformedwhileaslight
pressure is applied to the part being attached in order to equalize the flow
throughout the surface and generate a small fillet at the edges.

Thermally conductive films are used to bond heat dissipating compo-
nentsto heat sinks. Electrically conductive silver-filled epoxy filmswhen
used to attach substrates al so serve as ground planes and provide RF/EMI
shielding. They are also used in the high production automated attachment
of leadframesto chips and to bond chipsvertically in chip stacks.

A widevariety of filmsand propertiesisavail able. L ap-shear al uminum-
to-aluminum bond strengths range from 1,000 psi to over 3,000 psi and
electrical propertiesaresimilar to thosefor the paste versions. Propertiesof
filmadhesivesfor dieattachment and for substrateattachment aretabul ated
in Tables3.16 and 3.17.



Table 3.16. Properties of Film Adhesives for Semiconductor Die Attachment

Shelf Life Bond Modulus of o Thermal | Moisture lonic
Product/ Tvpe @ -40°C/ Cure OL/‘;SVSV; Strength Elagticity | CTE.PPMC | 1 R\egijls?ir\T/]i? Conduc- | Absorp- I'mpur -
Supplier yp PaLife@ | Schedue | 50°% | Al-Allap MPa °C Ohm_cmy' tivity, tion ities
25°C shear (ps) (psi) a; a W/mK %* (ppm)
Ableflex® Cl" 60
. N/A/ i@ 0.4 52 R
5204TI/ Polyimide . 7,500 136 | 370 | NnA N/A N/A N/A Na' 8,
Ablosik 6 mos 175°C | (150°C) (7,500) K1
Ablefilm® L/ Srin@
ECF571/ Epoxy 48);: P 0.16 1,750 N/A 45 | 200 | 142 | 2.0x10* 6.7 N/A N/A
Ablestik s
Polyimide & N
Ableloc® " 18 mos cl, Na*,
5500/ the'T“i’ﬁq'ﬁfgc (25°C)1 zgsfgz_g‘;‘;sgc 0.6 N/A (7262380) nA | na | 1e0 | 1ax10% | 021 05 and
Ablestik p"u}’mer 26 wks : K*1
ESP7676- 1 6404
HF/AI Tech- Epoxy (25% . N/A N/A N/A (200,000) 40 | 100 | 80 |>10x10%| 30 N/A N/A
nology '
2-3 sec. and
Ei’\t"a'clhz.zw Polyimide N/A 1-3Kg@ | N/A N/A (3%76880) na | i | 230 N/A 18 N/A NIA
300°C-400°C :
HM-122U- 2-3 sec. and 5800
HR/ Polyimide N/A 1-3Kg@ | NIA N/A w000y | NA | wA | 20 N/A 18 N/A N/A
Hitachi 300°C-400°C :
* After 85/85 exposure. Source: Compiled from suppliers technical data sheets (not to be used for specification purposes) N/A: Nat available.

(cont'd.)



Table 3.16. (Cont'd.)

Product/ S@heiolgg? Cure % Wt. Bond Modulus of CTE ppm°C T Volume -(r:r:)idmu?l- Moisture ”Inmlljf_
supplier Type ot L ife Schedule | Lossat | Strength Elasticity o(g:’ Resigtivity, tivity Absor p- itipes
0, G q a u _ i) H 0, y
@ 25°C 300°C (psi) MPa(ps) 1 2 ohm-cm WimK tion, %* ppm
Sumilite
Adhesive 230°C 10.100
I('II_',(AD\—C:L)Olgl Tr;;{;‘i"rz'iﬁ'c 12%’62’ 2—1_§4|<0 g/%mz N/A N/A 0150~ | na | na | 21| axio® N/A 0.2-12 NS-’<K5'
Sumitomo 0.210 secs 14,500)
Bakelite
Sumilite
Adhesive 230°C 70-100
%22120/ Tr;;{;‘iorﬂiait'c 12%’eg 2_1‘54K0 g/%mz N/A N/A (0150~ | NA | nA | 159 | axa0 NIA 0212 N(:§|1<K5'
Sumitomo 0.210 secs 14,500)
Bakelite
Sumilite
Adhesive 230°C 70-100
(TAtsi Trlfglr;?r’rjwlig?c P 2_1_04,(09,%;]12 N/A NIA 10150~ | NA | NA | 218 | ax10® | NA o212 | N5
Sumitomo 0.210 secs 14,500)
Bakelite
Sumilite
! 230°C
Adhesive
. _240°C, 70-100 .o
f%g%ou Tm(:lmiorf]'ig‘:'c 12%’9(? 2-10 N/A N/A 0150- | nA | nA | 230 | ax1ow N/A 02-12 Ngl_’fs'
Sunitomo paly Kg/en?, 14,500)
( 0.210 secs
Bakelite

* After 85/85 exposure. Source: Compiled from suppliers technical data sheets (not to be used for specification purposes) N/A: Not available.




Table 3.17. Properties of Film Adhesives for Substrate Attachment

Shelf Life @ o Bond CTE Thermal . .
% Wi. Modulus - Volume Moisture lonic
ZLE%TIC;/ Pc;t4|(_)<;$e/ @ Sc(ri:&ﬁle Lossat 2}"2??2; of Elasticity, ppm/°C Te°C Resigtivity, Ct(iJCi?;C- Absorp- | Impurities,
2500 300°C shear, psi Mpa psi @ @ ohm-cm WImK tion, % ppm
Ablefilm® 550 . Cl™ 45,
Epoxy/ lg W”Eg Scigg)fc@ 11 570 | 38mazec| o5 | 40| 105 1x10% fﬁfﬁc Z'S;i ;i’) ?15 N&" 10,
Ablestik . K* 1
Ablefilm® 566K 12 mos/ 120 min @
Epoxy/ 20 o 0.26 2,200 N/A 85 300 93 1.4x10% 0.80 N/A N/A
’ S 100°C
Ablestik
Ablefilm® 570
Epoxy/ 12 mos/ 3hs@ 0.27 2,800 N/A 50 | 350 | 135 6.0x 104 173 N/A N/A
- 14 ds 150°C
Ablestik .
ESP 7355/ 30min @ "
Al Technology 12 mos/- 150°C N/A 800 N/A N/A | N/A N/A >1x 10 N/A N/A N/A
ESP 7675/ 30mn @ 14
Al Technology 12 mos/- 150°C N/A N/A N/A N/A | N/A N/A >10x10 N/A N/A N/A
ESP 8350/ 60 mn @ 4
Al Technology 12 mos/- 150°C N/A N/A N/A N/A | N/A N/A <4x10 6.50 N/A N/A
TC8750/ 1yr/ 60 mn @ 4
Al Technology 24trs 150°C N/A <1000 N/A N/A | N/A N/A <50x10 6.50 N/A N/A
TK 7755/ 30 mn @ "
Al Technology 1yr- 150°C N/A > 2,400 N/A N/A | N/A N/A >1x 10 1.80 N/A N/A
L ® 3-5mn@
Staymko 501 N/A 300°C-375°C N/A >3,500 2,484 N/A | N/A | 180-185 <5.0x 10* 3.035 N/A N/A
Epoxy/Cookson - (360,000)
(010 psi)
Source: Compiled from suppliers technical data sheets (not to be used for specification purposes). N/A: Not Available, ND: None Detected.

(cont'd.)



Table 3.17. (Cont'd.)

Shelf Life @ o Bond Modulus of CTE Thermal ’ .
% Wt. o S Volume _ | Moisture lonic
g;odupt/ 40(.’(:/ Cure Schedule| Lossat Strength Blasticity, ppm/°C Ty, °C Resigtivity, an.duc Absorp- Impurities,
pplier Pat Life@ 300°C Al-Al lap MPa ohm-cm tivity, tion. % m
25°C shear, psi ps o o, WimK b0 pp
e 3-5mn@
Staystik 611 N/A 300°C375°C | N/A | >3000 2,484 N/A | N/A | 180-185 | >10x10° | 3.0-35 N/A N/A
Epoxy/ Cookson - (360,000)
(0-10 psi)
Staystik® 872 3-5mn @
N/A 125°C-200°C N/A >3,000 414 (60,000) N/A | N/A | 180-185 >1.0 x 10° 0.5-1.0 N/A N/A
Epoxy/ Cookson -
(010 psi)
Ablefilm® 561K 12 mos/ 30mn @ 4,300 2 Na' 35,K"9,
Epoxy/ Ablestik 6 mos 165°C 034 3,000 (630,000) 85 | 300 55 9.1x10 08 0.9 Cl" 110
Ablefilm® ) Na' 10,
564AK HM g’znﬁs’ 12;’5’812@ 0.16 | 2,700 (lap) N/A 4 | 150 | 130 45 103 0.69 N/A K*ND,
Epoxy/ Ablestik S cl 10
ECF 561E 12 mos/ 1hr @
Epoxy/ Ablestik 96 Irs 150°C 0.55 2,000 N/A 100 | 380 47 N/A 1.60 N/A N/A
ECF 564A 12 mos/ 2hrs@ 4 Na' 5,
Epoxy/ Ablestik 72 hrs 150°C 0.26 >2,200 N/A 30 - 150 4.0x 10° 3.9 N/A c 20
Ablefilm® 5020K 12 mos/ 60 mn @ 4 Na' 20,
Epoxyl Ablestik 6 mos 150°C 0.30 3,000 N/A 45 | 270 109 8.0x 10 0.70 N/A C 60, K- 1
Ablefilm® 506 6 mos/ 60 min @ 4
Epoxy/ Ablestik 24 hrs 150°C N/A 1,200 N/A 45 350 3 7.0 10 0.90 N/A N/A
Source: Compiled from suppliers technical data sheets (not to be used for specification purposes). N/A: Not Available, ND: None Detected.
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4 Adhesive Bonding
Processes

Processstepsfor bonding haveundergonesignificant changessincethe
1960s and 1970s. Most processes then were manual or semiautomatic, at
best. Adhesiveswere used to attach small diein hybrid microcircuits or to
attach components to sparsely populated printed-wiring boards (PWBS).
Adhesivesweremanually dispensed from asyringeor dabbed with aprobe,
and componentswere picked up and placed withtweezersor with avacuum
pick-up tool. With the recent proliferation of electronics in consumer
products, high production attachment and curing processes have been
devel oped al ong with precision automated equi pment for cleaning, dispens-
ing adhesives, placing of components, and curing of the bonded parts. New
high-density devicesand packaging formatshaveal so beenintroduced such
aschip-scal e packaging, flip-chipdevices, ball-grid array (BGA) packages,
chip-on-board (COB), and chip stacks. Challenges have had to be met in
mixing different technol ogies in the same assembly; examples are assem-
bling wire-bonded dieal ongsideflip-chip attached die, largemol ded induc-
tors or capacitors along with bare-chip devices, and soldered components
together with componentsattached and connected with el ectrically conduc-
tive adhesives. Indeed, in the drive to reduce costs and increase circuit
densities, the trend isto use a mixture of assembly technologies.

Cost hasalso become adriver evenfor the high-end military and space
electronics. Thisisaresult of theincreased use of el ectronicsinthesefields,
for example, infighter planesand spacecraft. At the sametime, government
budgets have been reduced. Still, high reliability is required for these
systems. Thus, programs are in progress to evaluate the reliability of
products produced on commercial production linesfor usein military and
space systems. This has led to the Commercia-off-the-Shelf (COTYS)
program whereby industry is encouraged to purchase and apply COTS
electronicstoaircraft, missiles, and spacecraft, provided the contractor can
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show, through testing or heritage data, that the productswill bereliablefor
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their intended use.

Addedtoall this,amanufacturer must now comply withamyriad of ever
stringent regul ationson sol vent emi ssions, toxicity, and energy conservation.
To meet OSHA, EPA, and a multitude of other federal, state, and local
government requirements, changeshavehad to bemadein cleaning solvents
and processesand inadhesivematerial s, bonding, and curing methods. This

chapter addresses the following key bonding processes:
* Cleaning
» Surface treatment

« Dispensing of adhesives
» Placement of devices or parts
e Curing

* Reworking (if necessary)
A summary of process and material requirementsfor each of these stepsis

giveninTable4.1.

Table 4.1. Material and Process Requirements for Bonding

Category Process Requir ements Material Requirements
High exchangerate; low viscosity,
Cleanin Batch process, high low surface tension solvents leaving
9 throughput low residues; compliance with
OSHA, EPA, and other regulations
Data-driven automated High dot profile to fill component-to-
dispensing preferred. board gaps; quitable viscosity for
Dispensing Stencil or masspin coverage; low stringing to avoid
transfer only for long conductive pad contamination; long
production runs shelf life for production runs
Device . . . .
placement High throughput Rheology suitablefor dispensing
Rapid IR, UV, or convection oven
In-line compatible, low cure, <3-4 min (in-line application
Curing stresson flip-chip and preferred); Low volatile organic
largedie compounds (VOC) emissions during
cure
High T, thermally stable laminates;
Rework Tgnmperstgcrﬁ tgffegtc; gcr)t modest rework conditions (low T,
age cormp adhesives) for specidlized
substrates _—
applications
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4.1 CLEANING

The most important requirements in assuring good adhesion between
surfaces are the cleanliness of and the chemical and physical condition of
the surfaces. The adhesive chosen must be able to wet the surfaces so that
acontact angleof lessthan 90° results, asdiscussedin Ch. 2. Unfortunately,
the choice of solvent and cleaning process is often made hastily without
considering the nature of the contaminants or how clean the part needs to
be. Inadequate cleaning prevents or reduces adhesion and can cause
corrosion or electrical deterioration over time, but extra cleaning, if not
necessary, becomes costly. It is good engineering practice to analyze the
types of contaminants that are likely to exist on a surface as a result of
exposure to the ambient, handling, or previous processing such as plating,
soldering, or etching. Analytical procedures such asinfrared spectroscopy,
energy-dispersivex-ray (EDX), scanning-electron microscopy (SEM), and
ion analysiscan beused toidentify theresidues. Oncethe contaminantsare
identified, the appropriate solvents and cleaning processfor their removal
can be selected.

Contaminants may be of three general types: particulates, highly polar
(ionic) residues, and nonpolar (grease-like) residues. In many production
environments, al three are present and several solvents and cleaning
processes must be used to remove them. Both the choice of solvent or
cleaning solution and the cleaning processarecritical, and several theoreti-
cal principlesmay befollowedintheir selection. Ultimately, cleaningismore
an art than a science, and the procedure chosen should be experimentally
verifiedin each case. Qualitative and quantitativetestscan be performedto
determine the efficiency of a selected solvent and process.

411 Solvent Selection

Solvents, likecontaminants, may bepolar or nonpolar. Asageneral rule,
polar solvents dissolve polar residues while nonpolar solvents dissolve
nonpolar residues. Thus, ionic residues such as chlorides, salts, acids, acid
fluxes, and alkalis are best dissol ved and removed with polar sol vents such
aswater, isopropy! alcohol, ethanol, or methylethyl ketone. Greases, ails,
silicones, rosinflux, andlow-mol ecul ar-wei ght monomersarebest dissol ved
and removed with solvents such as hydrocarbons, Freons®, hydrochloro-
fluorocarbons, xylene, terpenes, and naphtha. To remove both polar and
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nonpolar residues, atwo-step process using both types of solvents may be
used or, moreconveniently, an azeotrope mixture of thetwo solventscan be
used in a one-step process. Most of the chlorofluorocarbon solvents
(Freons) andtheir azeotropeswith alcohol s, methylenechloride, or ketones
are being phased out due to their high ozone-depletion potentials. Solvent
blendsand azeotropesof hydrofluoroethersand hydrochl orofluorocarbons
(HCFC) are now replacing these solvents.

Organic solvents. Purely organic solventsor mixturesare effectivein
removing rosinflux residuesand other organicresiduessuch asgreasesand
oils. Thehighly polar alcohols such asisopropy! a cohol (IPA) and ethanol
arealsofairly effectiveinremovingionicand salt residues. Organic solvents
have low surface tensions, good surface-wetting ability, high solvency for
surface contaminants, and are easily vaporized, leaving the surfaces and
€l ectroniccomponentsdry. Infact, rinsingwithfresh organic solventisoften
used asthelast stepinagueouscleaning to augment theremoval of moisture
andimprovedrying.

In the early days of electronics, an organic mixture found effectivein
removingbothionicand grease-likeresiduesfrom printed-wiringassemblies
was a 50/50 mixture of isopropyl alcohol and naphtha. For decades and up
until recently, the chlorinated and chlorofluorocarbon (CFC) solventswere
used alone or as mixtureswith alcoholsor ketones. DuPont’ sFreon TF and
other Freons were among the best cleaning solvents in the electronics
industry. They served the industry well because of their nonflammability,
high solvency, and inertness to other circuit components. However, the
phasing out of thechl orinated sol vents, becauseof their highvolatileorganic
compounds(V OC) and ozone-depl etion properties, hascreated achallenge
for the industry to develop replacements that are equally effective as
solvents, yet meet EPA and OSHA reguirements. Solventsin usetoday for
cleaning fragile, non-hermetically sealed assemblies are the
hydrofluorocarbons (HFC), hydrofluoroethers (HFE), hydrochloro-
fluorocarbons(HCFC), and n-propylbromide. Evenamongthese, some, like
theHCFCs, arebeingallowed only for afew moreyears, and n-propylbromide,
because of itshigh polarity and high boiling point, may belimitedin useon
plastic parts. As aresult, agueous and semi-aqueous solvents are finding
more uses as alternatesto organic solvents. At the sametime, research has
produced water-solublefluxesand“noclean” fluxes, thelatter leaving only
minor residues that are not considered corrosive so that final cleaning, in
some cases, can be eliminated.! 12
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Organic solvents are most effective as blends of polar and nonpolar
solvents that have a constant boiling point known as azeotropes. Azeo-
tropes are mixtures of two or more solvents used primarily in vapor-
degreasing equipment.

HCFC, HFC, and HFE solvents are available as azeotropes with
alcohols such as ethanol. Besides their effectiveness as solvents, these
hydrohal ocarbonsaredesirablebecauseof their low toxicity, nonflammabil-
ity, heat stability, andinertnessto componentsand material soncircuit-board
assemblies. Examplesof azeotropesinclude DuPont’ sHFC 43-10mee(2,3-
dihydrodecafluoropentane) and 3M’s HFE-7100 (methylnonafluorobutyl
ether) both of which are comparable or better than CFC-113.

Table 4.2 lists some commercially available organic solvents, azeo-
tropes, and mixtures.

Aqueous and semi-aqueous cleaners. Aqueous and semi-agueous
cleanersareused primarily to clean printed-circuit boardsprior toassembly,
during application of the solder paste and adhesive (if they have been
misprinted or smudged), and after assembly and solder reflowing. Highly
automated multi-stage cleaning consoles are used in production where the
partsare cleaned in aseries of baths ending up with one or more deionized
water rinses.

Water, being ahighly polar solvent, isideal for theremoval of ionicand
polar residues. Alone, as a co-solvent, or as an emulsion with organic
nonpolar solvents, water iswidely used in cleaning printed-circuit boards
both prior to and after assembly. Aqueous and semi-aqueous cleaners are
nonflammable and relatively inexpensive compared with organic solvents.
Thereisalsonohazardouswasteor handling concernsandlittleor no ozone-
depletion potential. Aqueous solvents may be purely aqueous (water with
detergents, saponifiers, surfactants, neutralizers, or other additives) or semi-
agueous (water with an organic polar or nonpolar solvent). Examples of
organic solvents used with water in semi-aqueous or co-solvent systems
includeal cohols, esters, and terpenes. Co-sol ventsmay consist of mixtures
of two solventsthat are completely misciblein each other or, if not, can be
rendered miscible by the addition of an emulsifier. Emulsion cleaners
combine water with a hydrocarbon-based solvent. By emulsification, the
hydrocarbon becomes suspended as tiny droplets in the water. The main
advantages are the small amounts of organic solvent used and the reduced
odor and air emissions.



Table 4.2. Organic Solvents and Azeotrope Cleaning Materials and Properties

Proper ties
Product/ Descrintion Application Kauri- Boiling Surface Flash Vapor
. p pp . ; AH,, .
Supplier Butanol Point*, | Tension, caljor | Point, | Pressure,
(KB) Value °C dynes/cm 9 °C mm**
Lenium® ES/ U'pmpy' bromide, V apor degreasing, defluxing,
Petroferm i sopropyl _al_oohol, or general precision cleaning >150 68 25.9 58.8 None 110.8
and stabilizers
Propoxy bropanl Room temperature cleaning of
® pOXy propanal, electronic assemblies, surface-
Megasolv methoxy and methyl dhesive deani
NOC/ ethyl oxy propanol . mo_unt adhesive cleaning N/A 180-202 Low N/A 82 <1(20°C)
" | (misprints and stencils). Used in
Petroferm and N-methyl - .
rrolidone pressure spray, immersion, and
Py ultrasonic applications.
Bioact® EC-7 Highly-refined _
Defluxer/ terpenes and Flux removal from a variety of 120 171-189 N/A N/A a7 | <@ro
Petroferm nonionic surface- substrates
active agents
Aliphatic ester and . | ani fink
Bioact® EC-8/ non-ionic Imm_ers on cleaning of INkS
used in PC fabrication from N/A 196-225 ~25 N/A 100 0.2(20°C)
Petroferm surfactants stencils
(VOC =522 gm/l)
ot ® o Alcohals, L )
Bioact™ SC-10/ hydrocarbons, and Screen-printing unde!W| pe >150 ~152 5 N/A M <2
Petroferm terpenes systems (cold cleaning)
*Some boiling points are for concentrated solutions; **at 25°C unlessindicated; N/A —Not Available. (Source: Compiled from suppliers’ technical data
sheets.)

(cont'd.)



Table 4.2.(Cont'd.)

Proper ties
PVOdU_Ct/ Description Application Kauri- Boailing Surface AH Flash Vapor
Supplier Butanol Point*, Tension, cal/var% Point, | Pressure,
(KB) Value °C dynes/cm 9 °C mm**
. ® . .
Bioact™ SC-23/ Alcohols, Non-aqueous stenc_:ll cleaning N/A >152 o5 N/A 58 P
Petroferm hydrocarbons (cold cleaning)
n-propyl bromide,
V apor Edge® i sopropanol
1000/ azeotrope to remove V apor-degreasi ng solvent N/A 68 259 58.8 None 110.8
Petroferm polar and nonpolar
residues
1,1,1-
trichloroethane/ CoClzH3 V apor degreasing 124 74 25.6 575 None 28
DuPont
TCE/DuPont | 1fchloroethylene Vapor degressing 129 87 26.4 578 | None 57.8
(C2HCly)

CFC-113/ Trichlorotrifluoro- :
DuPont ethane C,ClaFs V apor degreasing 32 48 17 35 None 334
Methylene .
chloride/DuPont CH:Cl V apor degreasing 136 40 28.2 78.7 None 349
gfggﬂ tl4lB/ C2Cl2H3F V apor degreasing 56 32 19.3 52.3 None 593

*Some boiling points are for concentrated solutions; **at 25°C unlessindicated; N/A — Not Available. (Source: Compiled from suppliers’ technical data

sheets.)

(cont'd.)



Table 4.2. (Cont'd.)

Properties
F’TOdU_Ct/ Description Application Kauri- Bailing Surface AH Flash Vapor
Supplier Butanol Point*, Tension, cal/var‘r: Point, Pressure,
(KB) Value °C dynes/cm 9 °C mm**
2,3 . )
HFC-4310/ ) ' Degreasing electronics and
DuPont dihydrodecafluoro- printed-circuit boards 14 55 141 31 None 226
pentane
Abzol® VG, EG, ) Degreasing electronics and
and JEG/ Al kallqi )k:trgglde printed-circuit boards, ionic 125 70-71 259 58.8 None 138
Albemarle contaminant removal
o Vertrel XFwith 1,2-
Vertrel” SMT/ dichloroethane, :
DuPont cyclopentane, and V apor degreasing N/A 37 155 53 None 471
methand
o Vertre XFwith 1,2
Vetrel™ XMS dichloroethane, :
Plus/DuPont cyclopentane, and Vapor degreasing N/A 38 14.9 54 None 470
methand
Ultrasonic, spray-under
Zestron® FA/ . immersion, or centrifugal for 0.17
Zestron Modified al cohol low solids and rosin flux N/A 162-228 285 N/A 73 (20°C)
removal 40°C—45°C

sheets.)

* Some boiling points are for concentrated sal utions; **25°C unless indicated; N/A — Not Available. (Source: Compiled from suppliers' technical data

(cont'd.)




Table 4.2. (Cont'd.)

Properties
P"OdU_Ct/ Description Application Kauri- Boiling Surface AH Flash Vapor
Supplier Butanol Point*, Tension, caljom | Point, | Pressure,
(KB) Value °C dynes/cm 9 °C mm**
® Flux residue and SMT
Zesron VDI Modified alcohol |  adhesive removal 40°—45°C N/A 170175 | 27.9 N/A 62 (2063?:)
(spray-in-air stencil cleaning)
Zestron® SD s Solder paste and SMT adhesive
30U 'Véfg;'lﬁd 2°°r1°' removal from PWBs and N/A 150-170 26.1 N/A 47 15(20°C)
Zestron 9 agen stencils/screens
Zestron® SD . SMT or conductive adhesive
300/ Modified alcahol dleaning in spray-in-air N/A 120-150 | 249 NIA n 47
cleaner )
Zestron cleaners at ambient
Synthetic acohol
lonox® HC2 and formulation with Flux cleaning including high-
FCR/ low activator (FCR) temperature reflow fluxes N/A N/A N/A N/A N/A N/A
Kyzen and high activator (HC2)
levels (HC2)
Micronox® MX Hybrid synthetic
2301/ alcohol and apratic Aggressive flux remova N/A N/A 25-35 N/A N/A N/A
Kyzen solvent blend

sheets.)

*Some boiling points are for concentrated sol utions, **25°C unlessindicated; N/A — Not Available. (Source: Conpiled fromsuppliers technical data

(cont'd.)




Table 4.2. (Cont'd.)

Properties
Product/ Description Application Kauri- Boiling Surface AH Flash Vapor
Supplier Butanol Point*, Tension, cal/var% Point, Pressure,
(KB) Value °C dynes/cm 9 °C mm**

AK 225/ Dichloropenta-

' fluoropropane V apor degreasing, flux removal 31 54 16.2 35 None 285
Asahi Glass Co.

(CaFsHC 2)
Asahilin AK-225 and Cleaning processes compatible
AK-225 FPL/ fluorocarbon e et P 13 58 140 349 None N/A
Asahi Glass Co. cleaning solvents P
AsahiKlin . .
AK-225 AES/ Azez:[]g‘;’]ilw' th ff;j"égfo‘;or g';is a1 52 168 406 None 201
Asahi Glass Co. ¥
} Demanding defluxing
AsahiKlin AK 22‘? ?d trans applications such as hybrid
AK-225 ATE/ di chlorc;ah lene microcircuit cleaning and 115 44.6 20.2 56.9 None N/A
Asahi Glass Co. and ethai/ol aternateto 1,1,1
trichloroethane

AsahiKlin . Replacement for “Freon” TDF
AK-225DH/ AK-225 Egg drying for spot-free drying after 31 54 163 346 None N/A
Asahi Glass Co. o agueous cleaning

sheets.)

*Some boiling points are for concentrated sol utions; **25°C unlessindicated; N/A — Not Available. (Source: Conpiled from suppliers technical data

(cont'd.)




Table 4.2. (Cont'd.)

Properties
Product/ Description Application Kauri- Boiling Surface AH Flash Vapor
Supplier Butanol Point*, Tension, cal/var$1 Point, | Pressure,
(KB) Value °C dynes/cm 9 °C mm**
AsahiKlin Removesrosin-blend fluxes
AK-225T/ AK—2C2|§hA eEaSn:nd while preventing white residue 63 54 17.6 47.2 None | 427 (37°C)
Asahi Glass Co. &y formation
HFE-7100/ Methoxy- Co-solvent or neat vapor
3M Co. nonaf luorobutane degreasing 10 60 14.0 0 None 210
Neat, co-solvent or azeotrope
HFE-7200/ Ethoxy ! .
3M Cao. nonafluordoutane in vapor‘-degrees ng 10 78 13.6 30 None 109
applications
Nonafluorobutyl
HFE-71DE/ ether azeotropewith | Immersion or vapor-degreasing
3M Co. trans 1,2- applications (medium duty) 27 4 166 a8 None 383
dichloroethylene
Hydrofluoroether . .
;\'A:E;“PA’ azeotrope with '('j' 9?;‘15"9? C'ealri“C’;?i ?;;’ 3 ) 16.4 50 | None 381
’ isopropanol €9 9amp

sheets.)

*Some boiling points are for concentrated solutions; **25°C unlessindicated; N/A — Not Available. (Source: Compiled from suppliers’ technical data

(cont'd.)
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Properties
Product/ Description Application Kauri- Boiling Surface AH Flash Vapor
Supplier Butanol Paint*, Tension, Ca“"a" Point, | Pressure,
(KB) Value °C dynes/cm gm °C mm**
HFE-7100 with
trans 1,2- .
;:;E éZlDA/ dichloroethylene Vapor (Jree?;z?;ng, flux 33 41 16.4 50 None N/A
) and ethanol
(azeotrope)
HFE-7100, HFE-
7200, with trans Medium to heavy-duty
HPE-72DA 1,2- immersion and vapor- 58 a4 18 59.8 None N/A
3M Co. . .
dichloroethylene degreasing, flux removal
and i sopropanol

*Some boiling points are for concentrated sol utions; ** 25°C unlessindicated; N/A —Not Available. (Source: Compiled from suppliers’ technical data

sheets.)
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Thermal -phase cleaning, also known asmicrophase cleaning (MPC®,
atrademark of Zestron Corp.), is yet another variation of agueous clean-
ing.l¥l The thermal-phase cleaner consists of water to which is added a
material suchasamodifiedal cohol that isfully miscibleat roomtemperature.
Heating the clear solution, typically to 40°C-50°C, separates the organic
alcohoal asaturbid mixture of fine dropl ets suspended in water. The phase
transition that occurs producesamixturethat exhibitsthe propertiesof both
solvent and water-based cleaners, thusit iscapable of dissolving bothionic
and nonpolar residues. The onset of the phase change can be tailored by
changing the compasition of the mixture; thus, increasing the percent of
alcohol increasesthe temperature at which phase change occurs. Thermal -
phase cleaners may be used as a drop-in replacement in most equipment
designed for liquid cleaning including spray and ultrasonic equipments.[
Some reported test results comparing the efficiency of thermal-phase
cleaning with conventional cleanersaregivenin Table4.3.1%!

Aqueous cleaners should be used with caution when cleaning assem-
bliesthat contain highly polar polymeric materialsor thin-filmmetallization.
Plastic materials such as epoxy-glass or polyimide-glass laminates, used
extensively for circuit boards, absorb moderate-to-high amounts of water
which, if not subsequently baked out, degrade the adhesion strength of
bonded components. Moisture retention also contributes to various corro-
sionand el ectrical failuremechanisms, including leakagecurrents, el ectrical
opensand shorts, silver migration, and copper migration (conductiveanodic
filamentsor CAF).[%

Retention of moisturein polymer substratesor adhesives, especialy in
the presenceof chlorideor other ions, corrodesthin-filmmetallization such
asnichromeresistorsor aluminum conductors (further discussed in Ch. 6).
Other limitationsin using agueous or semi-aqueous solventsinclude:

« Solutions must be heated to accelerate removal of con-
taminants.

» Solutionsmay haveto be agitated, brushed, sprayed with
pressure, or exposed to ultrasonicstoimprovetheir clean-
ingefficiency.

» Co-solventsarereguired to remove contaminants having
ahigh organic content (oils, greases, fluxes).

» Bathlivesareshort and requiremonitoring, replenishment,
andfiltering.

» Expended solutionsmust be neutralized prior to disposal.



Table 4.3. Test Results for Thermal Phase vs.

Conventional Cleaners*3!

Thermal Phase Neutral Alcohol with . .
Material Cleaner with Thermal Phase Organic Isr;g:)%?frilg Devbogtlezred
Saponifier Cleaner Saponifier
No-clean flux
(Interflux 2005M) 0.28 0.28 0.35 0.44 0.40
Water-soluble paste
(Heraeus F530) 0.28 0.54 0.56 0.58 0.31
No-clean
rosn-based paste 0.29 0.33 0.28 0.49 0.28
(Heraeus F380)

*In pug NaCl/em?. A value of 0.28 is baseline for an uncontaminated bare board.
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Table 4.4 lists commercial cleaning solutions currently used in the
electronicsindustry for cleaning printed-circuit boards, assemblies, ceramic
printed circuits, thick-filminterconnect substrates, €l ectronic components,
wiring harnesses, and stencilsand screens (used in applying adhesives and
solder pastes).

Measuring solvency and cleaning ability. An important consider-
ationin selecting sol ventsor sol vent-based cleanersistheir solvent-cleaning
abilities, which may be predicted or experimentally measured by several
methods. In comparing hydrocarbon solvents for their effectiveness in
dissolvingresidues, several testsmay beused. One, theKauri-Butanol (KB)
test, iswidely used to quantify solvent behavior and to rank the potencies of
solvents.'®! The Kauri-Butanol value is the maximum amount of solvent
that can be added to astock solution of kauri (afossil copal resin) in butanol
before cloudiness occurs. Kauri resinisreadily solublein butanol, but only
slightly soluble in hydrocarbon solvents. The resin-butanol solution will
accept only acertain amount of the solvent before precipitation of the kauri
resin occurs, asindicated by acloudy appearance. Strong solvents such as
toluene can be added in larger amounts (higher KB value) than weaker
solvents such ashexane. In general, the higher the KB value, the better the
solvent’ scleaning ability.[] Thesolvency of cleaning materialsvariesfrom
neat (unmixed) solvents (KB values, approx. 10) to azeotropes(KB =27to
33) to co-solvents (KB > 150) (Fig. 4.1). These solventsare ableto remove
light flux, rosin mildly activated (RMA) flux, and “no-clean” flux, respec-
tively. Examples of azeotrope solvents used in cleaning electronic circuits
include hydrochlorofluorocarbons with ethanol (for example, Asahi AK
225AES) and hydrofluoroetherswith ethanol and 1,2-dichl oroethylene (for
example, 3M Co. HFE-71DA). Azeotropesarevery efficient solventswhen
used in a vapor degreasing process (see Sec. 4.1.2) and widely used for
cleaningflip-chipassemblies, hybrid microcircuits, multichip modules, and
other fragile assemblies.[®! Kauri-Butanol values for some solvents and
cleanersarelisted and comparedin Table4.5. Valuesfor other cleanersmay
befoundin Table4.2.

Solvency and cleaning ability may also be evaluated as a function of
density, viscosity, and surfacetension. Thelower the viscosity and surface
tensionand higher thedensity, thebetter thewettability, hencetheability to
dissolve and remove residues. Surface tension isameasure of the penetrating
power of asolvent; low surfacetension solventsare better ableto penetrate
andwet tight spacings. Thesurfacetensionsof non-linear alcoholsaretypically
low (2022 dynes/cm) whereas that of water is high (72.8 dynes/cm).



Table 4.4. Aqueous and Semi-aqueous Cleaning Solutions

Properties
Produ_ct/ Description Application Boailing | Viscosity Surface Flash Vapor
Supplier Point* (cps, Tension Point Pressure**
((®)] 25°C) (dynes/cm) °C) (mm)
Semi agueous defluxer; mixed
Axard® 32/ aliphatic hydrocarbons, diiscbuty! Removal of ionic contamination and
dibasic acid ester mixture, and residual rosin when used with water N/A 2.8 N/A 96 <0.1
Petroferm o
Alkyloxy padlyethylene oxyethanol rinsing
(KB value = 64)
® Semiagueous defluxer; mixed _— . .
Axarel 36/ | inatic hydrocarbons, diisobutyl | APPlicationsrequiring easier water N/A 28 N/A 9% <01
Petroferm S . rinsng
dibasic acid ester mixture
Semiaqueous defluxer; mixed
Axarel® 46/ | a iphatic hydrocarbons, diisobutyl | High performance sol vent cleaning for N/A 28 N/A % <01
Petroferm dibasic acid ester mixture, and batch or in-line process ' '
al kyl oxy polyethylene oxyethanol
Axarel® Aqueous defluxer (<25% in water) for a
125/ Aqueous blend of linear acohols | A4UE (<25% ) N/A 6.0 N/A 102 | <0.03(20°0)
wide range of solder flux removal
Petroferm
Axarel® |soparaffinic hydrocarbons and 1-
2200/ propoxy-2-ethanol Immersion cleaning N/A 1.9 N/A 44 5
Petroferm (KB value >150)
Axarel® Solder paste and adhesive removal
2300/ IP“’PV' ene g'tﬁc}fBe“f'bflfo) (20%-30% in water) from stencils N/A 3 N/A 62 05 (20°C)
Petroferm cleaning agen vaue and misprints
*Some boiling points are for concentrated sol utions; **25°C unlessindicated; N/A —Not Available. (Source: Compiled from suppliers’ technical data sheets.)

(cont'd.)



Table 4.4. (Cont'd.)

Properties
Product/ P it ili
. Description Application Boiling . : Surface Flash Vapor
Supplier Point* V(l;g(ggt)y Tenson, Point Pressure**
()] dynes/cm (°C) mm
Hydrex® Aqueous solution of ethoxylated,
A propoxylated secondary acohol Stencil cleaning (43°C—49°C), with 1 >1
AC/ ) o N/A N/A None .
and polyoxypropylene- ultrasonics, 10% solution in water (approx.) (estimated)
Petroferm
polyoxyethylene block copolymer
Hydred® Aqueous solution of dipropylene
Y glycol n-butyl ether and Stencil cleaning (24°C—-47°C), with 1 >1
A-plus/ ) L N/A N/A None .
polyoxypropylene- ultrasonics, 10% solution in water (approx.) (estimated)
Petroferm
polyoxyethylene block copolymer
Hydr@<® Dipropylene glycol n-butyl ether Stencil misprint spray stencil clean 1 cos 105 (of >1
SP/ and polyoxypropylene- (10% in water), 24°C—60°C or N/A (in upse) N/A concent (estimated)
Petroferm polyoxyethylene block copolymer defluxing (5%—10% in water) rate)
®
Hydrex Methyl ethoxy, methoxy propanol Stencil cleaning (24°C—60°C), with 1cps 105 (of >1
ws/ h . N/A . N/A concent .
inwater ultrasonics (inuse) (estimated)
Petroferm rate)
Hydrex® Ethoxylated polyoxypropylene, . o Y 105 (of
DX/ sodium xylene sulfonate, and Ultrasoni clheati?]dv\(étéler(:—@ Q). 10% N/A (iln EF;Z) N/A concent ( eﬂir>nlat o)
Petroferm surfactant blend in water rate)

*Some boiling points are for concentrated solutions; ** 25°C unless indicated; N/A — Not Available. (Source: Compiled fromsuppliers’ technical data sheets.)

(cont'd.)




Table 4.4. (Cont'd.)

Properties
Product/ - i nati ili
! Description Application Boiling fros Surface [ Flash Vapor
Supplier Point* V('ggi’gt)y Tension, Point Pressure**
(°C) dynes/cm (°C) mm
Vigon® SC/ Neutral pH microphase cleaner Cleaning PWAs, adhesive and solder 34.6 5
Zestron (water based) paste removal from misprinted PCBs % N/A (20°C) None 238 (20°C)
Vigon® ) ) .
Neutral pH microphase cleaner Cleaning PWAs; adhesive and solder 29.8 o
;Sﬂzrg?]/ (water based) paste removal from misprinted PCBs 95-212 NIA (20°C) None 136 (20°C)
\S/(i:gggi/ Microphase cleaner (water Cleaning PWAs, adhesive and solder 95212 N/A 29.8 None 13.6 (20°C
Zestron based) paste removal from misprinted PCBs (20°C) 6 ( )
Atron® Removal of baked-on flux (5%—20%
SP 200/ Aqueous surfactant cleaner - 110-174 N/A 320 None N/A
inwater)
Zestron
Aquanox® Kyzen a cohol and mild Removal of no-clean fluxesin tight
A 4000/ saponifier (concentration range: spacings such as uBGA (operating 109-113 N/A 20-30 N/A N/A
Kyzen 15%—-30%) range: 49°C-71°C
Aquanox® Aqueous emulsion cleaner Ultrasonic stencil cleaning and mis-
A 4402/ (concentration range: 15%— print adhesive and solder paste N/A N/A 18-28 N/A N/A
Kyzen 30%) removal (operating range: 40°C-49°C)
Aquanox® Batch or in-line spray remova of
Concentrated agent for aqueous many flux residues and uncured
ﬁyAZg?lZ cleaning adhesive (5%—-20% concentration 99-101 NIA N/A N/A NIA

range, operating range: 49°C—71°C

*Some boiling points are for concentrated sol utions; **25°C unlessindicated; N/A —Not Available. (Source: Compiled from suppliers' technical data sheets.)

(cont'd.




Table 4.4. (Cont'd.)

Properties
Product/ . . .
Chemistry Application Boiling . . Surface Flash Vapor
Vendor Point* V(lzsg?g)ty Tension Point | Pressure*
<) (dynesiem) | () | (mm)
o Semi-aqueous (95% a cohol and Removal of difficult flux residues
lonox 59 water,activator, and __from dectronicsindipping, 178 N/A Low N/A 02
FCR/Kyzen surfactant) immersion, centrifugal, and ultrasonic
cleaning systems
® Batch, in-line, and ultrasonic removal

:ggg)c()/ nthetic alcohol, buffered of difficult soldering fluxes and 177-181 N/A 22-32 N/A N/A
i S ' assembly residues (undil uted, B B

Y operating range 49°C—60°C)
Micronox® Defluxing semiconductor wafer
MX 2301/ Semi-agueous blend bumpsin flip-chip, chip scale, and 191-195 N/A 25-35 82 N/A
Kyzen micro BGA applications

Removal of abroad range of paste
Lonox® L o o . residues, even at room temperature;
5005/ 10%-17% operating compatible with organic solder 103107 | N/A 18-28 N/A N/A
Kyzen protectant (OSP) coatings (operating
range: 26°C-60°C)

Lonox® L o ) ] Removal of abroad range of sol der
5020/ Saponifier gﬁf/?_cl%"o%““on range: paste residues (operating range: | 114-118 | N/A N/A N/A N/A
Kyzen 49°C-71°C)
*Some boiling points are for concentrated sol utions; **25°C unless indicated; N/A —Not Available (Source: Compiled from suppliers' technical data sheets.)
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HFE 7100 I\ HFE 71DA I\HFE 7100/SA24
Neat Azeotropic Co-solvent
Cleaning Cleaning Cleaning

ISoIvency (KB Value):

10 27 to 58 > 150

ISoiIs Removed:

Light Oils Medium Weight Oils | Heavyweight Oils
Halogenated Lubricants Greases

Compounds

Particulates Low m.p. Waxes Waxes

Release Agents Polishing Fluids No-clean Flux
Hydraulic Fluids Buffing Compounds

Light Flux RMA Flux

Gyroscopes Flip Chip Assemblies | Printed Circuit Boards
Diskette Shutters Optical Components | Electrical Connectors

Figure 4.1. Relative solvency of 3M Co.’s Novec® hydrofluoroether cleaning
solvents. (Copyright 2000, 3M Co., reproduced with permission.)

Table 4.5. Kauri-Butanol Values for Several Cleaning Solvents

Solvent Description KB Value
Perchloroethylene C.Cl, 90
Trichloroethylene C,HCI, 129
Methylene chloride CH,Cl, 136
CFE-113 Trichlorotrifluoroethane 32
1,1,1-TCA 1,1,1- Trichloroethane 124
ABZOL ®cleaner/Albemarle Alkyl bromide mixture 125
AK-225/Asahi Glass Co. Dichloropentafluoropropane 31
DC-0OS-10/Dow Corning Hexamethyl disiloxane 17
HFE-7100/3M Co. Perfluorobutyl methyl ether 10
Vertrel® XF/DuPont Decafluoropentane 9
Lenium® ES/Petroferm n-Propylbromide with | PA >150
Sources: Supplier data sheets and CRC Handbook of Solubility Parameters and
Other Cohesion Parameters, 2™ Ed., (A. Barton, ed.), CRC Press (1991).
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The surfacetension, viscosity, and density of asolvent arerelated by a
figure of merit called the wetting index (WI1). The WI is proportional to the
density of thesolvent andinversely proportional totheviscosity and surface
tensionasfollows:

Eqg. (4.1) WI=(density)(1,000)/(viscosity)(surfacetension)

The higher the value of WI, the better the solvent will penetrate into tight
spacesand remove contaminants. Representative values of wetting indices
for several solvents are given in Table 4.6.[% The effect of solvency in
removing tenacious residues such as solder fluxes has been extensively
studied. The removal of flux residues using a hydrofluoroether azeotrope
(3M Co. HFE-71DA) versus a co-solvent (3M Co. HFE-7100 blend with
Solvating Agent 24 from Petroferm) iscomparedin Fig. 4.2.81 Residual ionic
extracts from PWBs that were soldered using various fluxes then cleaned
with thetwo solvents showed that the cleaning ability of the azeotropewas
comparable to that of the co-solvent.

In addition to selecting an efficient solvent, manufacturers must now
contendwithenvironmental and safety regul ationsimposed by federal, state,
and county jurisdictions. Solvents must meet volatile organic compounds
(VOC) limitsand, of course, thereareal sotoxicity andflammability hazards
that have to be addressed.

4.1.2 Cleaning Methods

Cleaning methodsmay invol vesol ventsor cleaning sol utions(wet types)
or gaseous plasmas (dry types), ageneral comparison of whichisshownin
Table 4.7. Widely used wet-ty pecleaning processesincludevapor degreasing,
spraying, immersionwith agitation (ultrasonic cleaning), immersionwithout
agitation, and centrifugal cleaning.

Vapor degreasing. Vapor degreasing involves the vaporization of a
solvent or an azeotrope and its condensation as aliquid onto the part, thus
flushingthepartwithfreshly distilled solvent. Thepartiscleanedwithfreshly
distilled solvent until its temperature increases to the temperature of the
vapor. Dissolved residuesarecarried withthecondensed liquid back intothe
sump. Vapor degreasers have been widely used for over 40 yearsto clean
fragile electronic assemblies. The processis benign and efficient since the
vapors penetrate spacesthat areinaccessi ble using other cleaning methods.
The very low viscosity and low surface tension of vapor-phase solvents



Table 4.6. Comparison of Wetting Indices of Solvents[®!

Solvent Name/Supplier gﬁ:}i'rtn% Surga;cnee;?ms on, Vlssgity, VYr?gé?(g
CFC-113 Freon"TF/DuPont 1.48 17.3 0.70 122
| sopropanol IPA 0.79 21.7 24 15
Deionized water Deionized water 0.997 72.8 1.00 14
Delonized water + Delonized water + 0.998 20.7 1.08 31
Hydrofluorocarbon (HFC) Vertrel” XF/DuPont 1.58 14.1 0.67 167
Hydrofluorocarbon (HFC) Vertrel® XP/DuPont 1.53 14.2 0.68 158
Hydrochlorofluorocarbon HCFC-141B/DuPont 124 19.3 0.43 149
Hydrofluoroether HFE-7100/3M Cao. 1.50 13.6 0.61 181
Hydrofluoroether HFE-7200/3M Co. 1.43 13.6 0.61 172




ADHESIVE BONDING PROCESSES

lonic Residue
(ug NaCl Equiv/in2)

25

20
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[J HFE-71DA

Boards Vapor Phase
Soldered for 30 Seconds

B sA24HFE-7100 @ 215°C

Azeotropes — 2 Minute
Boil Sump, 2 Minute

il

RMA

RA RMA No

|

Rinse Sump

Co-solvent — 4 Minute Boil
Sump, 2 Minute Rinse
Sump

Flux No Clean Flux Clean Flux

Flux
Solder Paste

Figure 4.2. Residual ion-extract analysis of PCBs cleaned with co-solvent HFE-
7100/SA24 and with azeotrope HFE-71DA.[8 (Copyright 2000, 3M Co., repro-
duced with permission.)

Table 4.7. Comparison of Wet and Dry Cleaning Media

%/II?;TU;T? Advantages Limitations
Remove adhesive and Solvents and solvent vapors
solder paste residues; have | may be flammable; high cost;
Organic awide-process window; may be slow drying; limits on
solvents can clean at room VOCs and ozone-depl eting
temperature do not solvents (ODSs); require
oxidize or corrode metals explosion-proof equipment
Do not remove adhesive
Aqueous Relatively inexpensive; resdues, short bath life;
akaline nonflammable; no ODSs narrow-process window;
cleaners or VOCs; mild odor require an aqueous rinse and
drying
Aqueous Remove _adhesi ve . o
micro-phase res dues, wide-process Require agitation (spray,
cleanars window; nonflammable; ultrasonic, spray under
rapid drying; long bath immersion and overflow)
(MPC) life
Dry process (no solvents .
or chemical solutions); Electron-ree plasmais
active oxygen plasmais requweq_to avoid damageto
Pl asma an aggressive cleaner for sensitive components;
cleaning organic residues; effective cleanmg surfaces_thh plasma
in removing adhesive prior to adhesive cure
bleedot enhances bl eedout
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alow penetrationinto all areasof fine-pitch and low-standoff components.
V apor degreasingisvery effectivein cleaning hybrid microcircuits, multichip
modules, and flip-chip assemblies. Azeotropes of both polar and nonpolar
solvents are used to remove both ionic contaminants and greases and oils.
Examples of some vapor-degreasing equipment and applicationsarelisted
inTable4.8. Many vapor degreasersare equi pped with aspray wand so that
the parts may be sprayed with fresh liquid solvent after removal from the
condensation portion of the equipment. Some of the many advantages of
vapor degreasing arethefollowing:

» Nocleaning solutionsto mix, maintain, or dispose.

» Solventisreclaimed automatically withintheunit; solvent
wasteisminimal.

» Process is simple with few variables to manage, and
operator independent.

» Relatively low equipment, operation, and maintenance
costs.

Somedisadvantagesinclude:

» Flammability and toxicity of some solvents require con-
tainment and safety features for the equipment.

« Many of the most efficient solvents are being disallowed
by federal andlocal regulationsbecauseof theirhigh\VOC
and ozone-depleting properties. Even some of the new
replacement solvents may be phased out in the future.

» Vapor degreasers are becoming more expensive because
of the added features required to prevent solvent evapo-
rationintotheair.

Spray cleaning. Spray-wash systems are primarily used to clean
printed-wiring boards. Equipment consists of several zonesincluding pre-
wash, wash, drag-out, heated rinse, and final rinse followed by multiple
drying zones.'% Drag-out or isolation zones are designed to minimize
contamination of therinsewater fromthecleaningchemicals. A list of spray/
wash equipment, manufacturers, and applicationsisgivenin Table 4.9.

Spraying may be conducted at relatively low pressures of 50 psi or at
high pressures up to 1,000 psi. Pressures must be adjusted so that fragile
assemblies such as fine wires and wire bonds are not damaged. Parts
cleaned inimmersion systemsare usually rinsed with fresh solvent and the
solvent thenisrecycled by filtering and/or distilling.



Table 4.8. Examples of Vapor Degreasers and Ultrasonic Cleaning Equipment

Equipment

SolventgCleaners

cleaning solutions

Supplier Application
PP Model No. PP Aqueous Semi-aqueous Solvent
Vapor degreaser; cylindrical HCFCs, HFCs,
EVD-80 process chamber with vacuum N/A N/A HFEs, NPB*, and
(low emissions) chlorinated solvents
Ultrasonic vapor degreaser;
. ; HCFCs, HFCs,
LED series conductive drying/reduced N/A N/A HFESs, NPB*, and
emissons (high volume chlorinated solvents
production)
. HCFCs, HFCs,
Branson B-452R iif";ﬁ‘;e?/dlegr;mr éh'g? tr? N/A N/A HFEs, NPB*, and
e e volume production) chlorinated solvents
HCFCs, HFCs,
BTC-200 Process-development tool N/A N/A HFEs, NPB*, and
chlorinated solvents
. . Terpene,
Benchmark Ultrasonic deaning A\Il\lfglté?ii lﬁ:b?gd hydrocarbon alcohol- N/A
series (20800 kHz) based semi-agueous

cleaning solutions

*n-propylbromide; N/A —Not applicable.

(cont'd.)



Table 4.8. (Cont'd.)

Solvents/Cleaners

boards

. Equipment R
Supplier Application -
Model No. Aqueous Semi-aqueous Solvent
Ultrasonic cleaning (28—192 Terpene
Cres optimum | ommuncaons ond | chamistics. ydrocabon |, R
Ultrasonics | Consolel] szmi conductor: heavy soils (pH 2-12) acohol-based semi- flammable
. " y ' P agueous cleaners
greases; cleaning to 1 um
No Clean (NC), water soluble
) Nonflammable water
(WS) paste, .ﬂ ux, {:\nd a.dh%' ve mixture/emul s ons Megasolv® NOC;
aqueous cleaning, air-knife drying Water, aqueous ®
. e Aquanox and lonox Axard® 2200, 46,
X30A standard (vortex dryer for mixtures (saponifier, (Kyzen), Hydrox and and 32 lonox
complete drying); PCB/stencil detergent) yH drex{; DX i opronanol
switch and water-knife option; (getroferm) prop
Austin stencils, boards
America i .
X30 WS paste cleaning only; Water only N/A N/A
stencils, boards
X30C NC paste, NF: qux., and adhesive N/A Splvent/ Single solvent
removal; stencils, boards semi-aqueous
X30F NC pasteremoval; stencils, N/A Same as X30A Flammable

*n-propylbromide; N/A — Not applicable.




Table 4.9. Spray/Wash Cleaning Equipment

. Solvents/Cleaners
Supplier Iﬁ/lqucligm'\?nt Application -
odei No. Aqueous Semi-aqueous Solvent
Nonflammable Megasolv®
No-clean (NC), water-soluble (WS) paste, flux, water mixture/ NOgJAxarel@
and adhesive agueous cleaning, air knife drying Water LS MiXtures emulsions Aquanox 2200’ 46, and
X30A standard (V ortex dryer for complete drying). mal‘?fer Lé aer ezt and lonox (Kyzen), 2 ‘Ion;)x
PCB/stencil switch and water-knife option; (s2p ' gent) Hydrox and iS') 0 I’
Austin stencils, boards Hydrex® DX algohgsll
America (Petroferm)
X30 WS paste cleaning only; stencils, boards Water only N/A N/A
X30C NC paste, NC flux, and adhesive removal; stencils, N/A Solvent/ Unmixed
boards semi-aqueous solvent
SMT Aqueous cleaning and water soluble (OA*)
600-CL defluxing for SMT applications, -25°C to 49°C Water only N/A N/A
MT Water soluble (OA), rosin (RA, RMA, and R)**
600-LD flux and no-clean flux; PCB-wash N/A N/A
: temperatures -5°C to 77°C
Adueous li | eani f lubl
Technology . ) In-line aqueous cleaning system for water soluble
Millennium (OA) defluxing for high throughput SMT Water only N/A N/A
AQ-201SC C'i?”?”-ggggg ('E‘;Jrl glsd?;a(:tg g:;{jﬁgi’; ﬁmgmmiﬁmﬁg Véi/lg} N/A N/A
removes rosin (R, RMA, and RA), water-soluble PIuS, . !
stencil cleaner
(OA), and no-clean pastes
*Organic acid; **Rosin activated, rosin mildly activated, and rosin, respectively; N/A —Not Applicable.

(cont'd.)




Table 4.9. (Cont'd.)

(OA), adhesives and solder paste, 72-in. max.]

i Solventg/Cleaners
Supplier Equ(lipément Application -
Model No. Aqueous Semi-aqueous Solvent
Aquastorm® In-line spray cleaning systems, plastic and Water soluble, saponified,
and H 500 stainless steel respectivdy; typical applications compatible with aqueous N/A N/A
series include PCB assemblies detergents and deionized water
. . . . Water soluble, saponified, Compati ble with most
Spray semiautomatic batch-cleaning systems; : ' ) )
. ® ! S . compatible with agueous combustibl e semi-
Speedline Aquaet typi c?lniap;?: ::;at' OQIT;nCI;gjggg boardsgl?:'lcns, detergents and deionized agueous solvents;, EC7-R NIA
Sprints, pallets, ase water typical
High-volume, |ow-pressure in-line spray cleaning Water soluble, saponified, Compati ble with most
Microline® system for semi conductor packages and bumped compatible with agueous combustible semi - N/A
detergents and deionized agueous solvents, EC7-R
wafers ;
water typical
Stencil and pallet cleaning (29-in maximum, <2
Model minutes) for RA** RMA ,** no-clean synthetic SMT detergent 440-R
1500 and water soluble (OA)* solder paste (ambient), (10%-12%, 10%, 6%—12%, N/A N/A
solder flux residue and SMD adhesives (32°C— and 10%)
43°C)
Smart Sonic RA, RMA, no-clean synthetic and water soluble 0
Mol | (0A) solder paste (ambient), wet ST adhesives, | 27-10% ST detergent N/A N/A
and solder flux residue (38°C—43°C, ultrasonics)
Model Fully automatic and programmable SMT stencil
6000 and cleaner [for RA, RMA, no-clean and water soluble SMT detergent 440-R N/A N/A
6000 LC

"Organic acid. ** Rosin activated, rosin mildly activated, respectively; N/A — Not Applicable.

(cont'd.)




Table 4.9. (Cont'd.)

Equipment

SolventgCleaners

Supplier Application
Model No. Aqueous Semi-aqueous Solvent
Omnijet CBW-
224: In-line .
’ 0,
Spray-in-air PCB, SMT, and advanced-packaging 100:3;?;?;:%?;:;60]: Compatiblewith all semi-
cleaning applicationsincluding BGA and flip-chip onifier. detergent agueous cleaners (high or N/A
system; all cleaning (sapsurfacte;nt etgc) S no flashpoint)
stainless steel S €.
construction
Omnijet CBW-
218: In-line, o .
Spray-in-air PCB, SMT, and advanced-packaging 100\73ayv§§rngrciermg<é;reof Compatible with al semi-
Stodltin cleaning applicationsincluding BGA and flip-chip (saponifier, detergent agueous cleaners (high or N/A
9 system; dll cleaning %psurf a:ta;nts etgc) S no flashpoint)
stainless steel "
construction
Omnijet
CBW-
0 ;
P::g\;ainncaljn- High-density circuit boards and ICs on acarrier moﬁa\;\ggngrci;n:ﬁ:;e of Compatible with al semi-
Line quu?aws in the semiconductor industry; aternative to (saponifier, detergents; agueous cleaners (high or N/A
Cleaning centrifuga cleaning surfactants, etc,) no flashpoint)
System
(APLACS

N/A — Not Applicable.
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I mmer sion cleaning/ultrasonic cleaning. Immersion cleaning using
agueousor semi-agueouscleanersisusual ly assi sted by agitating thesolvent
bath and heating. Agitation may be provided by ultrasonics or by pressure
spraying under immersion. The removal of misprinted uncured adhesive
from printed-circuit boardsismoredifficult thantheremoval of solder paste
and requires the aggressive cleaning provided by ultrasonics. Ultrasonic
cleaning, after el ectronic devices have been assembl ed, can bedamaging to
devices and, if used, the level of energy must be controlled. Ultrasonic
cleaning of unseal ed hybrid microcircuitsand multichip modul eshas caused
fine 1-mil-diameter wires to break and glass diodes to crack.

Centrifugal Cleaning. Centrifugal-cleaning systems use centrifugal
force to direct streams of solvents at parts in a rotating chamber. The
centrifugal force(f ) isimpartedtothecleaning solventinacylinder of radius
r that ismoving at an angular velocity (w).

Eq. (4.2) f=mor

Forces generated are 60 G for a 16-inch-radius chamber, and 100 G for a
24-inch-radius chamber. Because of these high G forces, fast cycle times
arerealized, for example, 0.5-2 minutesfor thewash cycle, 1-2 minutesfor
therinsecycle, and 2-3minutesfor thedry cycle.[*Y! Solventsmay beheated
toamaximum of 82°Cinthewash cycleand to 60°C for rinsing. Examples
of solvents used in centrifugal cleaning are: Axarel® (Petroferm), Bioact®
EC-7R (Petroferm), Bioact EC-15 (Petroferm), lonox® FCR (Kyzen), and
Zestron® FC (Zestron Corp.). Centrifugal cleaning equipment is available
from Speedline Technologies and Deflex Corp. (Table 4.10).

A variation of centrifugal cleaning is Deflex’s SuperFuge® system in
which centrifugal shear carbon dioxideisused instead of agueoussolvents.
The very low surface energy of carbon dioxide (0-5 dynes/cm) provides
high solvating power and penetration beneath tight-pitch, low standoff, and
densely popul ated flip-chip devicesand packages.[*23 Centrifugal clean-
ing isespecially effectivein cleaning low-standoff parts such aschip-scale
packages (CSP), BGAs, and flip-chip devices.'¥ The major benefits are:

» Highefficiency.

» High penetration of solvent at cleaning temperatures
where viscosity and surface tension are low.

e High penetration of low-standoff parts because of di-
rected flow.



Table 4.10. Centrifugal Cleaning Equipment

Solvents/Cleaner s

Manufacturer M odel Application
Aqueous Semi-aqueous Solvent

MicroCel® Electronic circuit Aqueous asr?(!l\/:nrjnz;l;%tﬁrs Chlorocarbons
Speedline Centrifugal Cleaning assemblies, hybrid (water, (Bioact® EC-7R chlorofluoro-
Technologies System temperature circuits, MCMs, detergents and and EC-15) carbons. and
(aCookson ranges: bumped wafers, and saponifiers), lonox® FCR a' d alcohol—l,) ased
Electronics wash 25°C-82°C; advanced packages Axarel® 36, HC (aqueous solvents.and
Company) rinse 25°C—60°C; such as flip chips, and alcohz?s) and terpenes

dry 25°C—204°C BGAs, and CSPs Armakl eert ' P
Zestron® FC
SuperFuge® liquid and |  Quartz and ceramic

Deflex, Inc. SCF* CO, cleaning subgrates, flip-chip N/A Micronox® MC N/A

systems SF-1000 and
SF-1200

bonded parts, and
semiconductor devices

2301

*Super-critical fluid; N/A — Not applicable.




200 ADHESIVES TECHNOLOGY FOR ELECTRONIC APPLICATIONS

» Fast cycle times.
» Compatiblewith fragile substrates.
» Zero solvent discharge (closed-loop system).

Plasma cleaning. Plasmacleaningisadry cleaning processthat avoids
theuseof organic solventsor water sol utions. Contaminant organicresidues
areoxidized andvol atilized by subjectingthemto agaseousplasmaproduced
by an RF energy source in oxygen or in an oxidizing gas such as sulfur
hexafluoride. Oxide contaminants may also be removed by chemical
reductionusingahydrogen plasma. Whether oxidizing or reducing gasesare
used, in practice, they are generally admixed with argon. Plasma cleaning
may al so be performed entirely inaninert-gasambient, such asargon, where
the interaction with contaminants is more a physical dislodging than a
chemical reaction. Plasmacleaning of electronic assemblies prior to adhe-
sive attachment or after attachment and curing has the following benefits:

e Clean, safe, and cost-effective process.

» Avoidance of organic solvents and the consequences of
toxicity andair pollution.

* Generally fast cycletimes.
» Commercially availableequipment.

» Improved adhesion avoiding delamination in area-array
packages.
« Enhanced adhesion for die-attachment adhesives.

» Void-freeunderfill (plasmaiseffectivein penetratingtight
gaps in high-density arrays, increasing surface energy,
minimizingvoids, andincreasing underfill throughput).

» Removal of bleedout that occurs during curing of some
epoxy adhesives.

Somelimitationsarethefollowing:
* Removal of heavy residuesrequireslong cycle times.

* RFenergy may damage some circuit componentssuch as
bare chip ICs.

« Ultraclean surfaces may promote adhesive bleedout dur-
ing adhesive curing; however, bleedoutiseasily removed
by plasma cleaning after curing.
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Some discol oration of silver-filled adhesives may occur
due to surface oxidation of the silver. Thisis considered
moreacosmeticissuethanareliability problem; however,
thetarnish can be removed by subsequent exposureto an
argon plasma.

201

Plasma-cleaning mechanisms. Unlike solvent and agueous-based
cleaning, plasmacleaning is based on reactions with surface contaminants
atthemolecular or atomiclevel .[** Two mechanismsare possibledepending
on the level of RF energy and the nature of the plasma gas.

1. Anablation mechanism similar to sand blasting whereby

Eq. (4.3)

the surface is roughened and its area increased by the
formation of peaks and valleys. This mechanism also
dislodgessurface particlesandionic or salt-likeresidues.
Argon gasis usually used to form a high-energy plasma
consisting of positively charged argon particlesand el ec-
trons.[1€]

Ar+e - Arf+2e

2. A chemical reaction whereby a gaseous plasma may

Eq. (4.4)

Eq. (4.5)

either oxidize or reduce contaminants depending on the
nature of the plasmaused and thetype of contaminant. To
remove organic residues, such asoils, greases, silicones,
and epoxies, the gasistypically amixture of oxygen and
argon. The oxygen is converted to an energized highly
reactiveform of monatomic oxygenthat quickly oxidizes
any organicresiduesconvertingthemintovolatilecarbon
dioxide and water asfollows:

O,+e - 20* + ¢

[0 CH,O1,+0* — CO, +H,0+€

Typical plasma-cleaning conditionsfor removal of organicresiduesprior to
wirebonding consist of 100 wattsof RF power, 10-20 mTorr oxygen/argon
pressure, and a 10-minute dwell time. During oxygen plasma cleaning,
oxides may be formed on silver-filled conductive adhesives. These may
subsequently be removed using apurely argon plasma.
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Toremovemetal oxidesor other inorganic oxidesurfacecontaminants,
areducing gas such as amixture of hydrogen and argon is used. Inthe RF
plasma, hydrogen molecules dissociate into highly active hydrogen atoms
that reducetheoxidesto metal and water. Simultaneously, theargon plasma
physically dislodges oxide and reduced oxide residues from the surface.

Eq. (4.6) H,+e - 2H*
Eq. (4.7) MeO + 2H* — H,O + Me

Plasma-cleaning equipment. Plasma equipment is extensively used
for cleaning electronic parts and for etching surfaces to improve adhe-
sion.[*% |n its basic form, the equipment consists of areaction chamber, a
power supply, and a vacuum source. Parts are placed in the chamber and
evacuated using the vacuum pump. A gas or mixture of gases is then
introduced and the plasma generated by subjecting the gas to an RF
frequency of 13.56 MHz and about 400 volts. Process and equipment
parameters need to be well controlled since some semiconductor devices
can be damaged by the electrons produced, especially if placed within the
active plasmazone. However, equipment isnow availablethat generatesa
down-stream plasma and has been modified so that electrons can be
deflected from the part. Plasma-cleaning equipment ranges from small
laboratory models having 6-inch diameter chambers to large-capacity
production units. Glen Technologies' 1000P and R3A plasmacleanersare
parallel-plate unitsthat can be operated at 1,000 watts or 500 wattsin both
the active and el ectron-free plasma modes. The Glen-1000P-LM C equip-
ment can clean multipleleadframesor devicesloaded into magazinesupto
8x 16 x 13inches. Thehorizontal flow of plasmagasthroughthemagazines
assures uniform cleaning. Equipment from March Instruments (aNordson
Co.) is reported to enable a user to process 500-1,000 |leadframes per
hour.!*”) Commercially avail ableequipment can beoperatedinthreemodes:
activeplasmafor routinedirect cleaning of surfaces, aggressivedirectional
cleaning (reactiveion etching) for non-ESD sensitive parts, and downstream
electron-free plasma for cleaning bare chip semiconductor devices and
other electrically sensitivecircuits.[*® Thedown-stream plasmaisthemost
benign mode, capabl e of removing thinlayersof residues 10-50 angstroms
thick. Table4.11 providesfurther detail for variouscommercially available
plasma cleaners.



Table 4.11. Plasma-Cleaning Systemsl171i18]

Operational Parameters

Manufacturer M odel Application
PP Power (W)/ Gases Capacity
Frequency
Glen 1000P 0-1,000/NA Four 16 x 16-in electrode sets
Cleaning and surface arranged in Active, RIE or
Glen R3A | modification of surfaces | 0-500/NA electron-free modes
prior to bonding; :
downstream only (R3), All standard Two 12.75 x 12.75-|q
Glen YESR3 active. RIE or electron- 0-500/NA plasma gases electrode setsarranged in
Technol ogies/ free (R3A, R24A (Ar, O,, Hy, downstream plasma mode
Yield 1000P) CF4, SFo, and | Four 24 x 24-in electrode sets
Engineering Glen R4A 0-2,000/NA angbr;\l)é)Of suitable for large substrates
Gien | or deviosscomainedn 12 menually oare
1000P—LMC | magazines. (active, RIE | O HO0O/NA magazines
(upto 8 x 6 x 13-in)
or electron-free)
March AP-1000 inati 0-1000NA | Unlimited, | 8magazines, 20 leadframes/
I ngtruments Contam nap on_removal, ’ typically Ar, magazine (maximum)
(aNordson surfacg ac“éap?(n’ eteh, Oy Hz N, 1 strip/run, maximum part
and crosslinkin '
Company) ITRAK g 0-300/NA CF, SFs size: 2.75 x 9.25-in

(cont'd.)



Table 4.11. (Cont'd.)

M anufacturer

M odel

Operational Parameters

Application
PP Power (W) Gases Capacity
Frequency
imi 1 strip/run, maximum part
mgrr ?Jr;nents XTRAKM | Contamination removal, tu?gg}'teg'r psize: 6 x 12-in P
(aNordson surface activation, etch, 0-600/NA )(/)p H yN ’ Un 107 Sripy -
. and crosslinkin 2, M2, N2, pto rnpsrun, maximum
Company) Multitrak g CF,, SFs part size: 6 x 12-in
0-1,000 to 6—24 panel loading (18 x 24-
Mark 11 Desme;[ ;T/g; chiback 0-5,000/ in) or custom 1¥%s-in shelf
13.56 MHz CF. O spacing
4y 2 .
. o 0-10,000 to 8-32 panel loading (18 x 24-
:Dr'sgma Etch, Makin | M 'Cro"('ata&‘:'r:ec“ ond |0 40 KW/ i) or custom 1¥-in shelf
' 9 40 kHz spacing
arq | Sufaceactivaionand | 0-600/1356 | Oy Ar,CF,, o i
cleaning MHz He, H,, N, . :
3-in shdf spacing

(cont'd.)



Table4.11. (Cont'd.)

Operational Parameters

cleaning bond pads

Manufacturer M odel Application
PP Power (W)/ Gases Capacity
Frequency
- 3 levels dectrodes
PE-200 Surface acti vation and 0-300/ (13 x 13-in)
cleaning 13.56 MHz . :
Ar O 3-in shelf spacing
. A . r, 2
Cleaning strips within
TT-1 X : . 0-600/ 2 levels dectrodes
(Tunable) magazinesprior to wire 13.56 MHz 7-in shelf spacing
Plasma Etch, bond
Inc. -
PE-2000 Continuous cleaning Variable specsto meet
(Reel-to- process Oz, Ar, CFy customer requiremernts
Reel) 0-1,000/
N 13.56 MHz Adjustable 1 level
pE-1000 | Automatedin-line for 0,, Ar 1t0 16-in width x 51-in

length
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4.1.3 Methods for Testing and Assuring Cleanliness

Several quantitative and qualitativetestsare used for qualification of a
solvent/cleaning process and for in-line quality assurance. Sometests, like
the water-drop spreading test, are quick and simple. In thistest, a2 to 4
microliter droplet of water isapplied to asubstrate, and the contact angleit
makeswith the surfaceismeasured using agoniometer.[°1 A contact angle
of lessthan 40° indicatesimproved wetting and arelatively clean surface
freeof oily, nonpolar residues. Inonestudy, 20-mm-squareflip-chipdevices
havingsiliconnitride passivation had contact anglesof 40° beforecleaning.
After cleaning in an oxygen plasma, the contact angle was reduced to 20°.
Thisdrastically reduced theflow-out timefor theunderfill adhesivefrom 60
seconds to 22 seconds, an important factor in increasing throughput of a
productionline?l Inanother study, after plasmacl eaning copper, aluminum,
and epoxy surfaces, the contact angles were reduced by 50%—74% (Table
4.12).1?4 A silicon surfacethat iswell cleaned and free of contaminantshas
acontact angle below 10° and resultsin considerabl e spreading of awater
drop. When contaminated with hydrophobic residues, contact angles in-
crease to 45°-90° and little or no spreading occurs. It should be noted,
however, that the contact angleisuseful only for determining the presence
of grease-like or nonpolar residues. The presence of ions or hydrophilic
residues will also give low contact angles and must be measured by other
means. Colorimetric tests may also be used qualitatively to detect residues
of organic materials.

Thetest most widely used inthe printed-circuit industry to measurethe
efficiency of a cleaning process is the resistivity of solvent extracts test
known as ROSE. According to this test, after the assembly has been
cleaned, the part is flushed with a solution of 75% isopropanol and 25%
deionized water and the electrical resistivity of the extracts measured.[22]
lonic residuesdissol ved in the extractsreducetheresistivity of theoriginal

Table 4.12. Effect of Plasma Cleaning on Contact Angles!?1]

Contact Angle (°)

Surface
Before Plasma Cleaning | After Plasma Cleaning
Copper 88.4 31.7
Aluminum 64.5 32.0
Epoxy 85.0 22.0
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solution. Theresistivity isthencorrel atedtototal ionicresiduesremoved and
reported as equivalent to pg of NaCl/cm?. Extraction methods may be
manual, dynamic, or static. Stand-alone, modular equipment such as the
lonograph® or Omegameter® (Specialty Coating Systems, Cookson Elec-
tronics) arewidely usedin printed-board shopsfor periodictesting, but can
also be integrated with the cleaning console for continuous monitoring.
Although quantitative, the ROSE test measures only ionic or ionizable
residues, not organic and nonpolar residues.

Thelevel of surfacecleanlinessmay also beeval uated by measuringthe
surface-insulation resistance (SIR) of a separate test pattern. The SIR
test sampleconsistsof aninterdigitated comb pattern of conductor linesand
spacings on a printed-circuit |laminate representative of the actual circuit.
The IPC B-25 or IPC B-24 test patterns (Fig. 4.3) are standard in the
industry to evaluatethe degree of cleanliness of asurface. If thetest pattern
is well cleaned and no ionic residues remain, the insulation resistances
between conductor lines will be 108 ohms or greater and will not drop
appreciably under moist ambients. If residues remain, leakage currents

i —

1|I|I||ii|||’ |||||||||r

Figure 4.3. Surface insulation resistance (SIR) test pattern (IPC B-25).
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occur between conductor lines reducing the insulation resistance. The
effects of ionic residues are dramatic when exposed to moisture where the
ionsareeasily mobilized. Inadequate cleaning has been reported to cause a
drop of seven orders of magnitude in SIR values in less than one-hour
exposure to humidity.[?2 Aswith ROSE, SIR is best used to evaluate the
presenceof ionic residues. Organic residuesmay remain onthesurfaceand
still givehighinsulation readings. Further information on SIR may befound
in IPC-9201 Surface Insulation Resistance Handbook?¥! and in IPC-TR-
468, Factors Affecting Insulation Resistance Performance of Printed
Circuits[? Minimum SIR values of 102 ohms may be required for some
RF and high-speed circuits.

4.2 SURFACE TREATMENTS

Insomecases, eventhebest solvent, cleaning process, and adhesiveare
not sufficient to produce areliable bond. Chemically inert surfaces such as
gold, other noblemetal's, and nonpolar plasticssuchas Teflon®, polyolefins,
and parylene are extremely difficult to bond and require additional surface
treatment besi des cleaning. Roughening agold-plated bonding pad lightly
using an abrasive or scuffing the surface with an electric eraser have been
found to increase the adhesive strength of epoxy adhesives. Surfaces may
al so be sputter etched or ion milled to remove surface contaminants and to
physically etchthesurface providing greater surfaceroughnessand areafor
adhesives to wet and adhere.

Primers recommended by the adhesives supplier are also useful.
Primers are generally not necessary for epoxies because of their high
polarity and affinity for most surfaces. Infact, solvent-thinned epoxieshave
been used as primers to improve the adhesion of other polymer types.
Primers are often required for one-part and two-part RTV silicone adhe-
sives. Primersarel ow-solids, solvent-based, air-drying coatingsthat canbe
appliedby spraying, brushing, dipping, or spin coating. Sol vent sol utionsof
various silanes are among the best primers.

Finaly, chemical alteration of surfaces can improve adhesion. Semi-
crystallinematerialshavelow polarity and low surfacetension that must be
increased to enabl e adhesivesto bond. Oxidizing processes such ascorona
discharge, plasma, flametreatments, or UV irradiationinthe presenceof air
or oxygen may beused to alter normally nonpolar surfaces, rendering them
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polar andincreasingtheir wettability. Treating polymer surfacesinaplasma
of reactive polar molecules results in chemically atering the surfaces
rendering them more compatiblewith adhesives. For example, inanamine
plasmasuch asallylamine, highly polar amine groups may be attached and
chemically bonded to an otherwise non-wetting surface. Hydroxyl groups
fromanallyl alcohol plasmamay al so begrafted producing amorewettable
surface for adhesives.[?1[27]

Teflon and other fluorocarbon surfaces may be altered by chemical
treatmentsusing sol vent sol utionsof sodium naphthal enecomplex or molten
sodium. Teflon etchants, for example, Tetra-Etch®, a tradename and
product of W. L. Gore Associates, are effective in improving adhesion to
Teflon. Oxidation treatments for metals such as copper or aluminum also
produce highly polar oxide surfaces that are more easily bondable.

4.3 ADHESIVE DISPENSING

Adhesive dispensing methods consist of either mass-transfer or selec-
tivedispensing. Stencil printing, screen printing, pintransfer, daubtransfer,
and stamping are examples of mass-transfer types. They are also referred
to as tooling-related processes since hard tooling such as stencils and
screens are required. In comparison, selective-dispensing methods are
computer datadriven, such as automated syringe or needl e dispensing and
jetting processes. Automated dispensing, currently used in over 80% of all
production processes, (2 isacontinuousprocesswhereindividual adhesive
dots, lines, or patterns are deposited in selected areas of an interconnect
substrate using pressurized syringes or pumps. The main advantage of the
data-driven processes is flexibility, accommodating a large variety of
printed-circuit board types, configurations, and design changes. Selective
dispensing isaso the only method that can be used once components have
been assembled onto aboard sinceit does not require aflat surface as does
screen or stencil printing.

Screen printing of conductiveandinsulativeadhesiveshasbeenusedfor
decadesintheassembly of hybrid microcircuit and multichipmodules. Since
screen-printing processes are al'so used to deposit thick-film conductors,
resistors, and dielectrics, the processes are fully compatible and cost
effective in the production of hybrid microcircuits. Screen printing and
stencil printing are both batch processesthat are usually lessexpensiveand
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faster than selective dispensing for large production runs where few
changeoversare expected. Asan example, 1,000 dotscan bestencil printed
in 30 seconds compared to 1.5 minutes for a selective dispenser operating
at 40,000 dots per hour.[?8

In surface mounting of components, both solder paste and adhesive
need to be dispensed. The solder pasteisusually screen printed or stenciled
first, followed by selective dispensing of the adhesive between the solder
pads. Theprimefunction of surface-mount adhesives(SMAS) istomaintain
the position of thecomponentsduring subsequent reflow or wavesol dering.
Theadhesivesmay bepartially or fully cured prior to solder reflowing or may
be curedin the same step as solder reflowing. With the trend toward mixed
assembly technologies, such as solder-attached components on the same
board as adhesive-attached devices, selective dispensing must be used. In
such cases, the solder operationsare conducted first sincethey requirehigh
temperatures and aggressive cleaning to removeflux residues. A summary
of theadvantagesand limitationsof themain dispensing methodsisgivenin
Table 4.13,12930 and a cross-reference of dispensing methods for general
adhesivetypesisgivenin Table4.14.

4.3.1 Screen Printing and Stencil Printing

Of the mass-transfer dispensing methods, screen printing and stencil
printing arethe ol dest and most widely used. Screen printing has been used
for over 40 yearsintheelectronicsindustry to apply thick-film conductors,
resistors, and dielectrics in fabricating circuits on ceramic and plastic-
laminate substrates. Screen printing is also used as a batch process for
depositing el ectrically conductive and insul ative adhesivesto interconnect
devicesonthin-filmandthick-filmhybridmicrocircuits.

Screen printing isasimple, low-cost process for both small and large
production runs. Patterns are formed on a stainless-steel mesh through a
photosensitive emulsion process in which portions of the screen mesh are
coated while other areas, through whichthe pasteisto bedeposited, arel eft
open. Thephotolithographically formed screen patterns, however, wear out
after many runs and the screens must be reprocessed or replaced. Also,
separate screens are required for different circuit configurations, which
presents a logistics problem in their storage, identification, and retrieval,
especially where hundreds of part types are to be fabricated.



Table 4.13. Advantages and Limitations of Adhesive Dispensing Methods

chip)

Type Description Advantages Disadvantages
: Surface mount, hybrid, or : Difficult/expensiveretooling;
Pin transfer MCM /bed-of-nail s tooling Very fad, consistent adhesive handling issues
Stamp transfer Single, variable surface areatooling | Excellent in high-speed applications, Allowslarge | Tooling intensive; adhesive handling
for adhesive pickup areas to be bonded in asingle application issues
Sencil pri n_ti ng requiresa new stencil
Screen, gencil Surface mount, hybrid, or Fast, multiple dot size, Dots as small as3-mils ﬁ:g:jslfgs ?grrgﬂ:;xl (;Is;rzlur;%
printing MCM /stencil or screen printer diameter on 5-mil pitch can be printed stendils: canmot be usedwith cther
components on boards
Time/oressure disensin Data-driven process, rates to 50,000 dph, flexible, Higher speedsresult in less
P spensing simple operation, and easy cleanup consistent dots
Automated Auger Data-driven process, flexible, handles wide range of | Sensitive to viscosity changes; some
dispensing g adhesives, improvement over time/pressure effect of speed on consigtency
Data-driven process, Viscosity changes do not . .
Piston pump affect flow rate; consistency at higher speeds; Comgqegtd?g;grpaﬁqura
capable of larger dot Szes v intiu
10%-50% increase in dph reative to auger and
SMT adhesive usng aspring loaded | piston pumps, yields higher dot profile, noncontact, Sindle dot size. complex cleanu
Jet dispensing pin or hammer to rapidly cycle less senditive to warpage or dispense height %imited m;erial Fs)el ection P.
adhesive through the nozzle) variations, dispensing rates up to 70,000 dph, no
talling
Chip-on-board, hybrid or MCM, - - . ] . )
Prefqrm/Tape single-chip (standard and lead-or- Eliminates fluid dispensing, good thickness Requires die-cut pref_orms or manud
bonding control processing
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Table 4.14. Cross-reference of Dispensing Methods and Materials!3%!

Process
Material Needle | Fluid | Stencil | Screen Pin Stamp | Film
Jet Print Print | Transfer | Transfer | Bond

Insulative die-
attach paste XX X X X X X
Isotropic die-
attach film XX
Anisotropic die-
attach film XX
I sotropic paste X XX X X
Anisotropic paste X X X XX X
Underfill XX X X X
XX =Preferred. (Copyright ©1996 PennWell Corporation. Reproduced by
Permission.)

Stencilsdiffer from screensin that the apertures are directly etched or
cut into a metal sheet or foil. In both stencils and screens, the paste is
squeegeed through apertures onto a substrate. Both screen printing and
stencil printing can be used to deposit adhesivesor sol der pastes, but stencil
printing producesfiner dimensionsand closer spacings. Thekey advantage
of stencilsover screens, especially for thelaser cut and el ectrof ormed types,
isthefiner dimensions and smaller pitch dotsthat can be printed. Stencils
have become essential in depositing adhesive and solder paste for small-
pitch devices of less than 0.5 mm. Conductive epoxies can be printed as
small as3-mil-diameter dotson 5-mil pitch.[34 Differing from pintransfer,
stencil printing can deposit small dots of various sizes and heights from a
single stencil. Dots smaller than the stencil thickness can be deposited
through aperturesthat act liketiny dispensing tips.

Stencil printing isafast efficient processfor long production runs and
iswidely used in surface mounting of components.[32 | n surface mounting,
thesolder pasteisgenerally dispensedfirst by stenciling, followed by needle
dispensing the adhesive; however, these processes may bereversed or both
the solder and adhesive can be selectively dispensed by needle.

As with most processes, numerous variables affect the final product.
For sol der pastedeposition using stencils, Choutaand Fleck[®® identified 39
variablesrelatingtomaterials, 32 variabl esto processesand equi pment, and
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10variablesto personnel and environment. Amongvariablescritical for the
successful stencil dispensing of adhesivesare: stencil design, the adhesive
material and itsrheological properties, and the printing process.

Stencil fabrication and design. Most stencils are fabricated from
stainlessstedl, nickel, or copper foil 2- to 10-milsthick. Aperturesareformed
in the foil by one of three processes: chemical etching, laser cutting, or
electroforming. Chemical etching, although the least costly of the three
methods, providesthe coarsest features. In chemical etching the apertures,
themetal foil iscoated on both sideswith aphotosensitive coating, exposed
to UV light through a mask that has the desired aperture pattern, and
developed. The part is then immersed or sprayed with achemical etchant
that removesmetal only intheunprotected areas, after whichthe photocured
coating isremoved. With thetrend toward finer pitch devices (lessthan
20-mil pitch), bothlaser cut and el ectrof ormed stencil smust beused. L aser-
cut stencils can be produced directly from Gerber data by computer
numerically controlledlaser cutting. A perturedimensiontolerancesof £5um
are reported.l*¥ Chemically etched and laser-cut stencils are formed by
subtractive processes. On the other hand, electroformed stencils are
produced by an additive process in which a metal such as nickel is
electroplated onto a mandrel that has a negative photoresist image of the
aperture pattern. The electrodeposited nickel containing the apertures is
thenremoved fromthemandrel and used asthestencil. Becauseof their high
precision patterns, electroformed stencils are used for ultra-fine pitch
applications.

In recent years, there has been increased interest in stencils produced
from plastics such as acetal and polyethylene. The prime benefit in using
plastic stencilsisthe thicknessesthat can be used (greater than 1 mmup to
8 mm). By drilling aperturesof varioussizes, adhesivedepositsof different
heightsranging from0.2to2 mmwereprinted from asinglescreenthickness
in one pass.[3 Figure 4.4 shows atypical range of dot heights that were
produced from a 1-mm-thick plastic stencil having aperture sizesfrom 0.6
to2mm.[%% By carefully controlling theaperturesize, itispossibletoproduce
heights for every component type with a single squeegee stroke across a
printed-circuit board (Fig. 4.5).

Thetwo basic aperture shapes used to design and fabricate astencil are
dotsandlines(slots). Linesor slotsareusedwhen alargevolumeof adhesive
isrequired to prevent components from shifting during their placement. In
determining the dot or line sizes, most design engineers use the 40% rule
according to which the size of thedot or line should be approximately 40%
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of the distance between the pads.[3¢ Examples of dot sizes for selected
discrete devices and for distances between bond pads may be found in the
literature.[3”) Double dot or slot designs are most widely used for two-pad
devices(Fig. 4.6, top). Aperturessmaller than the stencil thicknessproduce
small dots. Circular patternshaving areasroughly equal tothesubstratearea
yieldthelargest dots(Fig. 4.6). Anarray of larger dotsisrecommended for
high-peaked dots.

Stencil thicknessshoul d bedetermined by the highest dot sizeneededto
make contact with the part. In most cases, the dot height should be 1.5t0 2
timesthestandoff height. M ost passivecomponentsrequirestencilsthat are
atleast 6-8 milsthick. Large, small-outlinel Cs(SOI Cs) requirestencil sthat
are 10-12 milsthick.[*2 A specific exampleintheuseof theseguidelinesis
givenforal2-mil (0.3mm) thick stencil. If thestencil aperturesare0.3mm
(a 1:1 ratio of aperture width to stencil thickness), the surface tension
between the adhesive and stencil will be so great that small dot diameters
are formed. As the opening increases to 32 mils (0.8 mm), a2.7:1 aspect
ratio, most of the adhesive will transfer from the stencil and the dot height
will be high. When the ratio of aperture diameter to stencil thickness
exceeds 4:1, complete transfer occurs.*® As a general rule, acceptable
paste release is obtained when the aspect ratio of aperture width to stencil
thickness is greater than 1.5. Other guidelines for stencil design are
summarizedin Table4.15.

Figure 4.4. Typical range of adhesive dots produced using a 1-mm-thick plastic
stencil (for aperture sizes ranging between 0.6 to 2.0 mm).[33](Source: M. Whitmore,
DEK Printing Machines Ltd.)
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Figure 4.5. Schematic diagram of plastic-stencil printing process. (Source: M.
Whitmore, DEK Printing Machines Ltd.)
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Laft ta rght: Line Pattern, Single Do, and
Double Dot Patterns

Pads Sloot Double Dol

Figure 4.6. Stencil patterns used to adhesively bond two-pad devices having a
double dot or slot design.

Table 4.15. Stencil Design Guidelines!36]

Typical Dot Patternsfor AdhesivePrinting
0.030-in round 0805 chips, SOT 23's
1206’ s or larger, MELFs (cylindrical

0.040-in round components, 2 dotson 0.040-in centers)
0.080-in round SOIC’s (multiple dots for each SOIC)
40% round 40% of the distance between the pads, center
Typical Line Desgns
0.008into Length of line determined by the width of the
0.010in component
40% of the distance between the SMT pads with
40% line the length of the line determined by the width of
the component

Typical Stencil Properties
Material Stanless steel
Thickness 0.007int0 0.012 in
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Adhesive material and rheology properties. Adhesives used for
screen or stencil printing in surface-mount applications are generally
electrically insulativetypeswhosefunctionsaremechanical attachment and
thermal dissipation. However, electrically conductive, silver-filled epoxies
have been used for many years as ohmic contact adhesivesto interconnect
bare-chip devices in hybrid microcircuits and are beginning to be used as
solder replacementsfor surface mounting of componentson printed-circuit
boards. Regardless of their conductivities, adhesives applied by screen or
stencil printing should havethefollowing properties:

» Lowmoistureabsorptionandworkableviscosity over a3—
5 day period of exposure on the stencil.

» Viscosity suitablefor dispensing (30,000—100,000 cpsat
2.5rpm).[39

» Thixotropic properties (ability to flow freely through the
stencil/screen aperturesduring printing andrecover quickly
after printing).

« High green strength to hold components in place during
component placement and reflow soldering.

» Highyieldvalueto avoid slump and produce appropriate
dot geometries.

The yield value (yield point) is an important parameter in dispensing
adhesives. It isthe minimum force required to begin the flow of adhesive
fromrest. Theyieldpointisdetermined by extrapol atingtheflow or viscosity
curve to the intercept on the y-axis or shear-stress axis.*?! In general,
adhesiveshaving highviscositiesal so havehighyield pointsand producedots
having high aspect ratios (ratio of height to diameter). Thus, adhesives
havinghighyieldvaluesof 200-500 Paproducetall narrow dotswhilethose
having low yield values of 150200 Pa produce wider, shorter dots.[3Z
Examples of some commercially available adhesives that can be stencil
printed aregivenin Table 4.16.

Stencil/screen printing process and equipment. The printing pro-
cess involves pressing the paste with a squeegee through aperturesin the
stencil or screen onto asubstrate. The pasteis applied with the squeegee at
anangleof 45° or 60° inasinglestroke, or oftenin adoubl e stroketo assure
completefilling of the apertures. Stencil printers capable of printing solder
pastes can also be used to print adhesives. An important aspect of the
printing equipment is the ability to form a programmable snap-off or gap



Table 4.16. Examples of Adhesives Used for Stencil Printing

Emerson & Cuming

absorption

. I Viscasity, Brookfield Yield Value, Dot -
Product/Supplier Applications cps/rpm Pa @ 23°C Profile Process Conditions
Epo-Tek® H67-MP/ . - Screen print or automatic
Epoxy Technology Stencil/screen printing 300,000-400,000/1 N/A Peaked dispense
Epo-Tek® H70E/ - i i Screen print, machine dispense,
Epoxy Technology High-speed epoxy chip bonding 4,000-7,000/50 N/A NA or stamp trangfer
Chipbonder 3612/ | Metal stencil-print applications for 800,000/10 350-700 Pecked | 12.7-50.8 mmvsec (0.5-2 in/sec)
Loctite large-component bonding
- ® - -
Chipbonder™ 3614/ Metal stencil-print applications for 800,000/10 350-700 Peaked 12.7-50.8 mmisec (05-2 in/sec)
Loctite large-component bonding
. ® High speed stencil printing High-speed stencil printing
E:hlp_bonder 3616/ adhesive compatible with DEK 32,000/NA 300-550 Rounded up to 152.4 mm/sec (6 in/sec);
octite .
Proflowl dispense system sgueegee pressure (4—-6 N/cm)
Chipbonder® 3617/ Stencil application for surface- 60-100 mnVsec (2.4-3.9 in/sec),
Loc"?i te mount devices requiring high speed 32,000/NA 300-550 Rounded snap-off [1 mm (39 mils)],
and high wet strengths squeegee pressure (4—-6 N/cm)
R Large-component bonding (SOT,
Amicon D125 3/ MELF, PLCC44, and SOIC) and 550,000-650,000/10 250-300 Dome NA
Emerson & Cuming excellent print definition; very
low moi sture absorption
. e Large-component bonding (SOIC,
Amicon * D125 F5/ PLCC); very low moisture 2.5x 10°-2.6 x 109/5 600-1,000 Dome NA

NA — Not available; MELF —Metd electrode | eadframe; SOT — Small outline transistor; N/cm = Newtons per cm of squeegee length.
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between the stencil and the substrate. The apertures of the stencil definethe
patternfor thedeposited adhesive. Stencil and screen printersmay bebench
top for small to moderate runs, semi-automated, or automated floor models
with magazineloading for production runs. Squeegee bladesmay consist of
metal or hard plasticssuch aspolyurethaneor polyethylene. Printing speeds
depend largely on the viscosity of the adhesive. In general, low-viscosity
adhesives may be printed at higher speedsthan high-viscosity types. Thus,
somesol der repl acement adhesi veshaving viscositiesof 50,000—70,000 cps
(at 10 rpm) can be printed at squeegee speeds of 6 inches/second. Surface-
mount adhesives having high viscosities of 800,000 cps, aswell asthose of
intermediate viscosities (75,000-250,000 cps), can be printed at 1 inch/
second.

Although stencil printing iswidely used for both adhesives and sol der
paste, and has many advantages over other dispensing processes, thereare
several limitationsthat must be addressed asfollows:

« Tailing or distortion can occur during snap-off.

» Redeposition occurs on warped substrates, leading to
contamination of adjacent pads.

« Toolingchangesand added change-over timearerequired
for design changes and new designs. Retooling costs are
high.

» Application for very-fine pitch components is limited
(sidewall influence is so great that adhesives cannot be
effectively dispensed).

» Frequent cleaning of stencilsisrequiredtoavoidclogging,
missed dots, and misprints.

» Longexposuretoair and moistureshortensthepot lifeand
increases the viscosity of the adhesive.

4.3.2 Pin Transfer

Pin- and daub-transfer processes are also mass-transfer methods, but
comprise less than 10% of the adhesive-dispensing processes used in
production. In pin transfer, hard tooling consisting of an array of pins
corresponding to the positionson thecircuit board wherecomponentsareto
beattachedisfabricated. Thepinarraysaredippedintoatray containingthe
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uncured adhesive, then removed taking with them suspended drops of
adhesive. The pins are then lowered onto the board and the adhesive
transferred to the preselected areas (Fig. 4.7). The diameter of the pinsand
designof thepintiparecritical toensurethat theadhesivedot isnot distorted.
For most applications, thetip isdesigned asin Fig. 4.7.[41

Pin transfer is the simplest mass-transfer process for high production
runsof oneor two part types, but limited where numeroustypesof different
configurationsand small quantitiesareto beproduced. Becausepintransfer
useshardtooling, eachjob requiresnew tooling and considerabl etimeto set
up and change to new tooling.l*d Other limitations of pin transfer are:[?°)

» Risk of contaminating the adhesive contained in an open
tray.

» Moistureabsorptiondueto exposureof theadhesivetothe
ambient.

e Limitedtodot printing.
* Requiresflat substrates.

« Difficulty in applying adhesive to attach components
smaller than 120 x 60 mils(1206 part types).

« Difficulty controlling thevolumeand shape of the dot.[*?]

Furthermore, surface-mount adhesives (SMAS) used in pin transfer must
haverelatively low viscositiestofacilitate pickup by the pinsandtransfer to
the PCB. Because viscosity is so critical, the temperature of the adhesive
reservoir must be controlled and preferably maintained between 25°C
and 30°C.I* Some SMASsthat may be applied by pin transfer arelisted in
Table4.17.

- 1 i
¥ 1

o T

[
| PFEFAF A7 r:?f}}}kfg I

Figure 4.7. Pin transfer dispensing steps. (The tip of the pin is modified to prevent
distorting the dot.)
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Table 4.17. Examples of Adhesives Applied by Pin Transfer

. . Viscosity (cps) Thixotropic
Adhesive/Supplier Index (1,20)
1rpm 10rpm '
. ®
Amicon” D124 F/ - 180,000-260,000 38

Emerson & Cuming

Amicon® D125 F4
and F4 Red/ 550,000-750,000 |130,000-190,000 2957
Emerson & Cuming

Amicon® E6001/

B & Coming 600,000 180,000 33
L octite 3607/ 1x10°2x10° |250,000-400,000|  1.2-8
Loctite

L octite 3608/ 6

L 500,000-1 x 10° |100,000-250,000|  2-10

4.3.3 Stamp Transfer

In stamp transfer, a stamping pad is dipped into a reservoir of liquid
adhesive and the adhesive redeposited onto a substrate on contact. The
amount of material transferred depends on its viscosity, the size and shape
of thestampingtool, and thedepth towhichthestampisimmersed.*95I An
advantageof stamptransfer istheability todeposit adhesiveover largeareas
inasingleapplication. Pad areasaslargeas500-milssguarecanbecovered.
However, like pintransfer, limitations of stamp transfer aretheinability to
print small areas or dots and the high tooling cost required for each
applicationtype. Somecommercial adhesivesthat can be stamptransferred
arelistedin Table 4.18.

4.3.4 Automated Selective Dispensing (Contact Type)

Automated sel ective dispensing of adhesives may be contact or non-
contact types. Inthecontact type, al so known assyringe, needle, or machine
dispensing, theadhesiveisforced through asmall orifice onto the substrate
sothat thedispensed dot makescontact with thesubstrate during dispensing.
Theadhesiveisdispensed using ax-y-zpositioning system. Automatic data-
driven equipment is used to selectively dispense reproducible amounts of
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Table 4.18. Examples of Adhesives Applied by Stamp Transfer[#51146l

. Viscosity Thixotropic .
Adhesive (cps) Index (1:10) Pot Life Cure Schedule
Snap cure (175°C,
Epo-Tek® | 4,710 @20 45 sec) or fast cure
H20S rpm 25 4days | 15 min, 120°C)
dieattach
Snap cure (175°C,
Epo-Tek® | 1,700 @ 100 45 sec) or fast cure
HoosMC | rpm) 30 Adays | g min, 120°0)
dieattach
o | 4000-7,000
Epo Tek @ 30 Adays |  5min, 150°C
50 rpm
10-30 min. @
TaL® 70°Cpluslhr @
Efgl-{gk 7’98r7 r(n@ 20 1.8 6 mo 150°C, Requires
P prebake
for large chips
Source: Epoxy Technology technical data sheets.

adhesive with high accuracy. Large amounts of adhesive can also be
dispensed onto a small areain order to assure contact with high-standoff
components. Multiplesmall dots, 2-5 milsin diameter, can bedepositedin
selected areas at rates up to 50,000 dots per hour (dph), although typically
speedsareapproximately 15,000—-20,000 dph. Thesespeeds, seemingly high
at first glance, arelow compared with stencil printing where 50,000 dotsor
lines can be applied in 15 to 20 seconds.

The number of dotsthat can be dispensed per unit of time also depends
on viscosity. The use of low-viscosity adhesives increases the number of
dotsthat can be dispensed. However, thereis atradeoff between the speed
at which the adhesive can be dispensed and the speed of device placement.
Most automated component-placement equipment operate faster than
adhesive-dispensing equipment. A comparison of the effect of viscosity on
dispensing and placement timesisshownin Table4.19for an 86-lead plastic-
encapsulated leadless chip carrier (PLCC).[%7]
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Table 4.19. Effect of Adhesive Viscosity on Dispensing and Component
Placement Timel*”]

Viscosty
Parameter -
Low High
Number of dotsrequired for one device 12 5
Dispense time per dot (msec) 120 150
Total dispense time (msec) 1,440 750
Placement time per device (msec) 2,000 2,000

Automated dispensing is now used for over 80% of all dispensed
adhesivesandisparticularly suitedto printed-circuit assemblieswheresome
components have already been attached and, therefore, stencil or screen
printing cannot be used. Another significant advantage is in bonding
componentssmaller than 120 x 60 mils. Pintransfer and stencil/screen print
methods are generally not used below this size. Adhesives used for pin
transfer are also difficult to control, and screens and stencils require more
maintenance due to clogging and the need for frequent cleaning. Other
advantages of automated dispensingincludethefollowing:

 |deal for both short runs and production runs.

» Adhesivecanbedispensed on partially assembled boards.
» Dispensers can handle awide range of viscosities.

* Nohardtoolingrequired.

* Minimal setup and change-over times.

» Lesssensitiveto board warpage than stencil printing.

« Highdispensing speedsup to 40,000 dph.

« Consistent dot profilesfor arange of component sizesas
small asthe 0402 and 0603* passive components.

Automated dispensingisusedfor theapplication of die-attachment, surface-
mount, and underfill adhesives.

*0402 and 0603 are passive component part sizes. Throughout the book, part sizes
are given in mils; thus 0402 is 40 x 20 mils and 0603 is 60 x 30 mils.
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Automated dispensing of die-attachment adhesives. In assem-
bling small quantities of hybrid microcircuits of many part types, manual
application of the adhesiveis still used, especially by smaller companies.
Skilled operators are able to dispense adhesive from syringes in fairly
controlled amountsthat cover thebonding pad and provideenoughfillet after
die placement. However, for moderate-to-largeruns, and even for small or
prototype runs, automated dispensing providesthe best method for repeat-
ability and quality control. Automated dispensing is widely used for the
assembly of integrated-circuit chips onto leadframes, for chip-scale and
BGA packaging, and for bare-chip attachments to thin- or thick-film
interconnect substrates. Regardless of the specific application, thedispens-
ing patterns must be sufficient to cover the bonding pads.

The shape and size of the devices to be bonded define dispensing
patterns. Patterns for square die are simpler than for rectangular die, and
patterns may vary within each category as die size increases. Simple dot
dispense patterns are used for small square die (less than 5 mm per side),
but the volume must be estimated so that the circul ar area of the adhesive
will spread to the edge of the die and produce afillet.[*”] Square die, larger
than20 mm per side, still requireacenter dot, but must al so be supplemented
with a cross-pattern and other dots in order for the adhesive to flow
uniformly (Fig. 4.8). Thelinesshould extendfar enough sothat, oncethedie
is placed, its bonded surface will be completely covered. Typically, this
involvesdepositing theadhesiveapproximately two-thirdsthedistancetothe
edge of the bonding pad.

The pattern for rectangular devices is somewhat more complex as
showninFig. 4.9. Themajor lineshould becentered anditslength should be
the differencein length between the sides of the chip. The four remaining

Figure 4.8. Dispense pattern for a square die (>20 mm/side). (Copyright 1999,
Reed Exhibition Corp., reproduced with permission.)
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Die Shape

Dispense
Pattern — 17— /

Figure 4.9. Dispense pattern for a rectangular die. (Copyright 1999, Reed
Exhibition Corp., reproduced with permission.)

linesshould extend approximately two-thirdsthedistancetothecornersand
makea45° anglewith the centerline. Another general ruleisthat the height
of the centerline should be about 50% of the line’ s width.

Other machine parameters may require adjustments for die size and
pattern. One parameter is the length of time spent before the dispensing
pump beginsto move, known as the on-delay. On-delay times that are too
short result in thin deposits as dispensing begins. Further, the shut-off
distance, the distance from the edge where dispensing stops, requires
adjustment of machine settings. Stopping too close to the edge resultsin
excessivefilleting whiletoo far from the edge producesincomplete cover-
age. The exact shut-off value depends on thefilleting requirementsfor the
bonded device.

Automated dispensing for surface-mount adhesives. Automated
dispensing of adhesivesfor surface-mount technology (SMT) applications
follows guidelines similar to those for die attachment. Patterns of dots and
linesaredeposited covering areassimilar to those of the component sizesto
be bonded. Surface-mount adhesives are applied primarily by automated
dispensing, although stencil printing and pinor stamptransfer areal so used.
Regardlessof theapplication method, surface-mount adhesivesshoul d meet
thefollowingrequirements:

« Compatible rheology with the dispensing method (clog-
free, no stringing) and with assembly requirements (dot
profiles, green strengths).

» Short curecyclesand ability to be cured in-line or simul-
taneously with solder reflow.

e Preferably one-part systems.
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« Long shelf lifeand extended working life.
« Application at speeds of 40,000 dph or greater.

« Consistent dot profilesfor arange of componentsinclud-
ing very small components such as the 0402 and 0603
passive devices.

The behavior of adhesives under high-speed dispensing conditionsis
asocritical [#811%9 Theability of athixotropicadhesivetoflowwithanapplied
shear stressand to recover quickly after the stressisremoved iscritical for
high-speed automati c dispensing aswell asfor screenor stencil printing. The
rateat whichtheadhesiverecoversitsoriginal highviscosity isasimportant
asthe shear-induced drop in viscosity. Figure 4.10 shows exampl es of the
thixotropic loopsfor two adhesives. Both display excellent recovery since
the return curves trace well with the original. Thus both adhesives are
suitablefor dispensing based on shear thinning. However, thefirst material
(A) demonstrates quicker recovery and, therefore, isbetter suited for high-
speed dispensing. It canbedispensed at arateexceeding 50,000 dph, without
stringing or tailing. Other material factors affecting dispensing are as
follows:

« Low viscosity isrequired for fast dispensing.
« High green strength is necessary for dot stability.

» Coolingtheadhesivemay benecessary to prevent prema:
ture aging in the syringe (heating up to 70°C can occur
from piston movement).

Besidespremature aging, anincreasein temperature during dispensing
isalso critical; for example, a’5°C rise above room temperature alters the
quantity of material dispensed as well as the shape of dots and patterns.
Increased temperatures during automated dispensing lower viscosity and
increase the mass of dispensed adhesive. Theincreased amount of material
may interferewith adjacent circuitry or with devicesalready assembled. A
5°Criseaboveroomtemperatureal soresultsinwider, shorter dots, creating
insufficient dot height necessary for component contact. Other factors
critical to dispensing are needle selection, equipment used, and pumping
method.

Needle selection. Needle sizesmust be sel ected to dispense the desired
amount of adhesive. Dispensing too large an amount of adhesive can bridge
components and lead to mechanical failures such aslifting during thermal
cycling whileinsufficient adhesiveresultsinlow bond strengths. Asarule,
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Figure 4.10. Thixotropic loops for SMT Adhesives.[37150]
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the needl€’ sinside diameter (1D) should be at |east 50% of the size of the
desired dot.[*l Thus, to dispense dots 0.7-0.9 mmin diameter theneedle’s
ID should be approximately 0.4 mm, which corresponds to a 22-gauge
needle. Needlesizesarelistedin Table4.20, and aguidefor selecting needle
sizesfor various componentsisprovided in Table 4.21.

Composite “needle maps’ have been generated for various adhesives
and may beavailablefromeither theadhesivessupplier or themanufacturer
of the dispensing equipment. The maps are a ready reference guide in
sel ecting the needle size and shot size for a specific adhesive and dot size.
Needlemapscorrel atetheshot sizein millisecondswiththedot diameter for
various needle gauges and standoffs and for various component types. An
example of aneedle map for ahigh-speed surface-mount adhesiveisgiven
inFig. 4.11. Inthefigure, the needle gauges and standoffs are given at the
end of each curve; thus, 21/10 indicates a 21-gauge needle with a standoff
of 10 mils. For example, a0402 part type requires adot diameter of 10-15
milsand shot sizesof 5-50 msec. Asonegoesupthescal e, thedot diameters
become larger as do the shot sizes and thus larger diameter needles are
required. Therefore, a plastic leadless chip carrier (PLCC) would require
dot diameters of 40-50 milsand shot sizesabove 60 msec usinga21-gauge
needle.

Table 4.20. Needle Gauge Sizes[*’]

gzidég ID (mm) | OD (mm)
18 0.84 1.24
19 0.68 1.06
20 0.58 0.88
21 0.51 0.81
22 0.41 0.71
23 0.33 0.63
25 0.25 0.55
27 0.20 0.40
30 0.25 0.30
32 0.1 0.225
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Table 4.21. Needle Selection Guide Based on Part Type

Gauge
Part Type
27 25 23 22 21
0402 X X
0603 X X
0805 X X
1206 X X
SOIC X X X
PLCC X X X
QFP X X X
Source: GPD Global, Application Notes, Version 1.
50
2140
45 -
soIc PLCC
40 L
236
MELF S0DS0
335 /
E
gy
5
=
825
20
15
10 1 L 1 1 1 1
0 20 40 60 80 100 120 140
Shot Size (msec)

All Needles are Driven by a 642-1 PDP.
H Denotes Sdftware-Halved Speed.
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Figure 4.11. Example of a “needle map” for Loctite® 3609 adhesive dispensed
from a Cam/alot® dispenser. (Reproduced with permission of Speedline Tech-

nologies.)
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Equipment. A wide variety and numerous suppliers of automated
dispensing equipment are available as listed in Table 4.22. An important
consideration in sel ecting an automated, contact-type dispensing systemis
the pump used in the system, of which there arethree types: time-pressure,
auger, and linear piston or positive displacement.[5!

Time-pressure pump method. Time-pressure, the simplest and oldest
of themethods, isstill inusetoday. Accordingtothismethod, pul sating high-
pressureair actuatesaplunger that forcestheadhesivethrough asyringe.l>
A needle-valve controls the amount of adhesive dispensed. Advantages of
thismethodincludelower cost and simplicity of operation comparedwiththe
auger and the linear piston types. Some disadvantages are:

* Pressure changes occur as the syringe empties due to
compression of air in the syringe.

« High-speed dispensing causes heating of the adhesive
which changes its viscosity, limits its pot life, and
changes the volume of material dispensed. (Viscosity
variationsinadhesivesreguireprocessadjustmentsduring
dispensing.)

« Stringing of adhesive can occur under some conditions.

Auger pump. A second type of pump isthe auger pump. Inthissystem,
air pressure is used to feed adhesive into a reservoir that contains a feed
screw or auger. Astheauger turns, it shearsthe adhesiveand forcesit down
the reservoir and out through the needle. Auger pumps are designed to
minimize variability when dispensing adhesives at high production rates.
Compared to the time-pressure pumps, the effects of changesin viscosity
are reduced because the auger is mechanically feeding the needle. Some
limitations of the auger pump approach arethefollowing:

» Self heating of highly-filled, thermally-conductive adhe-
sives at high shear rates affects the amount of material
dispensed.

» Higher cost than time-pressure approach.
« Complicated cleaning processfor theauger andreservair.



Table 4.22. Commercially Available Adhesive Dispensing Systems

Dispensing System/ Work Area Z-AXis Dispensing
Manufacturer D|mens_|ons Tr.avel Method/Speed (dph) Applications Examples of Compatible Adhesives
(X,Y,in) (in)
DJ-2100 Dispenselet™ and Surface-mount Adhesives:
Century® C-718/ 20 x 16 (in-line), 35 DV-6000 rotary positive- SMT Chi pbonder® 3615, Dymax 9-20367,
Asymtek 18 x 17 (batch) ' displacement pump/20,000 assembly and 9-20368, Amicon® D124F15,
(maximum) D125F, and Amicon® 125F DR.
Centu ry® C-720 17 x 14 (single DP-3000 and DP-6000 linear Underfill: Loctite 3563, 3565, 3567,
(Century Platform)/ head), 11 x 14 3.5 | and rotary pumps, and DV-7000 Underfill Hysol FP4531, and Ablfill® IM 8806,
Asymtek (dual head) Hdi-flow pump/20,000 JM 8807, and MM UF8802LM.
Millenium® M-620 Underfill: Loctite 3563, 3565, 3567,
(Century Platform)/ 15x 15 35 DP-3000 and DV-6000/20,000 Undexfill Hysol FP4531, and Ablefill® IM 88086,
Asymtek JIM 8807, and IM UF8802LM.
. SMT adhesives: Chipbonder® 3615,
Axiom™ X-1010/ 17 x 16 (DR DJ2100 Dispenselet and svT Dymax 920367, and 9-20368,
3000), 17 x 18 35 DV-7000 Heli-flow pump/ e s
Asymtek (DP-7000) 30,000 (maximum) assembly Amicon™ D124 F 15, Amicon™ D125
’ F, and Amicon® 125 F DR.
DJ-3000 single action or dual - .
Axiom™ X-1020/ action DP-3000, DV-7000, and . Underfill: Loctite 3563, 3565, 3567,
Asymek 18x 18 35 DJ32100 pumps/ Underfill Hysol FP4531, and Abl €fill™ IV 8806,
; JM 8807, and MM UF8802LM.
50,000 (maximum)
SMT adhesives: Chipbonder® 3615,
Millenium® m-2010/ | 1922022100 | poya0ad High speed SMT Dymax 9-20367, and 9-20368,
Asymtek or : -0 pump attachment Amicon® D124 F 15, Amicon® D125
(DV-7000) 50,000 (maximum) 3

F, and Amicon® 125 FDR.

(cont'd.)



Table 4.22. (Cont'd.)

. ) Work Area Z-Axis . )
Dlls\‘ﬂjinnﬂ?gctsl}/rs;m/ Dimensjons Tr'avel Methl?)::ls}agg%dph) Applications Examples of Compatible Adhesives
(X,Y,in) (in)
17 x 21 (DP-
Millenium® M-2020/ 3000) or 13_ x 21 DJ—2100,_DP—3000 pump or _ Underfill: Loctite 3563, _35(;55, 3567,
Asymtek (dual action 31 dual action DP-3000 and Underfill Hysol FP4531, and Ablefill™ JV 8806,
DP-3000 and DV-6000/50,000 (maxi mum) JM 8807, and IM UF8802LM.
DV-6000)
SMD Adhesives: Loctite Chipbonder®
3610 (yellow), 3609, 3619, and 3621
Cav/alat® 1414/ Rotary pump* standard, Surface mount, (red), Amicon® D125 F 3 DR, and
Speedline 14 x 14 2.0 time/pressure avail able/ semiconductor and Thermoset CircuitSAFI MA-420,
Technologies <13,000 COB mounting Heraeus PD 955PR
Semi conductor and COB mounting:
Ablebond® 84-1 LMI.
SMD Adhesives: Loctite Chipbonder®
3610 (yellow), %609, 3619, and 3621
® " (red), Amicon” D125 F 3 DR, and
Caﬁdd 1818/ 20 x 20 Rotary pump sta_ndard, Surface mount and Thermoset CircuitSAFL MA-420,
Speedline (maximum) 45 timefpressure avail ablef underfill Heraeus PD 955PR ;Underfill: Loctite
Technologies <16,000 : )

3563, 3565, 3567, Hysol FP4531, and
Abl&fill® IV 8806, IM8807, and IM
UF8802LM.

*Quick-clean cartridges standard for rotary pumps.

(cont'd.)
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Work Area

Z-Axis

Dlﬁ?ni?gctgu/rstereml Dimens_i ons Tr'avel M ethI(DJ:js/pSapqes:ag%dph) Applications Examples of Compatible Adhesives
(X,Y,in) (in)

SMD Adhesives: Loctite Chipbonder®
Cam/al ot® 3800/ Rotary pump* standard, 3610 (yellow), 3609, 3619, and 3621
Speedline 14 x 14 2.0 time/pressure avail able/ Surface mount (red), Amicon® D125 F 3 DR, and
Technologies <25,000 CircuitSAFO MA-420,

Heraeus PD 955PR.

SMD Adhesives: Loctite Chipbonder®
Canval ot® 5000/ Rotary pump* standard, 3610 (yellow), 3609, 3619, and 3621
Speedline 18 x 18 22 time/pressure avail able/ Surface mount (red), Amicon® D125 F 3 DR, and
Technologies <16,000 (single head) Thermoset CircuitSAFD MA-420,

PD 955PR.
SMD: Loctite Chipbonder® 3610
Gemini ™ 11/ Rotary pump* standard, (yellow), 3609, 3619, and 3621 (red),
Speedline 19x 19 10 time/pressure avail able/ High-speed SMD Amicon® D125 F 3 DR, and
Technologies <45,000 Thermoset CircuitSAFO MA-420,
PD 955PR.

Canvalot® 3700/ Rotary pump* standard, Semi conductor, ] A
Speediine 14x 14 20 imelpresaure avalblel COB, die Semiconductor aad COB mounting
Technologies <25,000 attachment - ‘
Canva at® 5700/ Rotary pump* standard, Semi conductor, ' .
Speedline 18 x 18 22 t)i/rge/pfessure COB, die Semiconduetor 2d COB ounting:
Technologies available/<25,000 attachment '

*Quick-clean cartridges standard for rotary pumps; NA — Not Applicable.

(cont'd.)




Table 4.22. (Cont'd.)

Work Area

Z-Axis

Dispensing ; . Dispensing — . .
SystemVendor D|mm§|ons Tr'avel Method/Speed (dph) Applications Examples of Compatible Adhesives
(X,Y,in) (in)
XyFlex®/ Rotary (auger) or multi-piston, Surface mount, . SMD adhesci)ve:

) ) . Loctite Chipbonder™ 3615 (red)
Speedline 13 x 18 1.0 four-head dispenser/ semiconductor, Semi conductor and COB mounting;
Technologies 140,000 (maximum) COB, dieattach Ablebond® 84-1 LM,

® ! - ! SMD adhesive:
XyFIe>§Pro ! (7100) 13 x 10 Single-head dlspen_ser[ Semi cor)ductor Amicon® D125 F 3 DR and D5R,
Speedline 1.0 30,000-120,000 (application packaging or . ®
Technologies (7200) 19 x 22 dependent) surface mount Amicon " D125 F3 and F5,
Amicon® E6752, die attach.
Underfill, R
: encapsulation, Dam | SMT Adhesives: Loctite Chipbonder
g‘;’tﬂsg’z 3%% o 18 x 18 15 gg“gc\)’o"(';’]”;;m;‘;i’ & Fill, conductive | 3615 (red), Dymax 9-20365 (red) and
’ epoxy, SMA and 20366 (yellow).
solder paste
Underfill,
Champion 3700/ 18 x 18 15 True Volume Pumpd/ egcl"iﬂfuiﬂg;cg?; SMT Adhesives: Loctite Chipbonder®
Creative Automation 90,000 (maximum)** epoxy, SMA and 3615 (red), PD 955M.
solder paste

** Jet dispensing (low-viscosity adhesive), True vol ume positive dispensing wide range of solder paste and adhesives, TruFlow auger valve for medium
viscosity adhesives, and time-pressure for low-to-medium viscosity adhesives. NA — Not Available.

(Cont'd.)




Table 4.22. (Cont'd.)

) } Work Area Z-Axis . !
Dispensing System/ ; ) Dispensing N . .
Manufacturer Dlmengons Tr‘avel Method/Speed (dph) Applications Examples of Compatible Adhesives
(X,Y,in) (in)
Underfill, SMT Adhesives: Loctite 3609, 3610,
] encapsulation, Dam 3619, and 3621,
g?&%ﬁ:iﬁ?ﬁ:’aﬁ on 24x 18 25 gg’gs’oo(';”;:ir?umﬂ’ & Fill, conductive | Amicon® D125 F3 DR and D5R,
' epoxy, SMA and Amicon® D125 F3 and F5,
solder paste Amicon® E6752.
MicroMax®/ True Valuell Pump/ . SMT Adhesives: Amicon® D125F,
GPD Global 12x12 2% | svo-diven vavela 00+ | SMTANSVE 1 o5epR | ocite Chipbonder® 3615
o ur‘fggm i | (red), Dymax 9-20367 (red) and 9-
(DSQ(;);)O-S)A . (unhested), hybrid 20368 (yellow), Amicon® E765g, 7652,
standalone) an ' i ies:
ne) 18 x 18 183 NA/28,000 ] conductive epoxies: Ablebond™ 84-1
9000 IL (inling)/ a&ergiblyéqssr‘nr?ll dot LM, no-flow underfill: Amicon®
GPD Global spensing E1330 LV, 1350, and 1355.
. SMT Adhesives: Amicon® D125F,
SMT adhesive, 125FDR Loctite Chipbonder® 3615
DS-9100-SA (stand- conductive epoxies, (red), Dymax 9-20367 (red) and 9-
done)and 24 x 24 183 NA/28,000 no-flow underfill * 368" dllow), Amicon® E7650, 7652,
9100 IL (in-line)/ (unheated), hybrid conductive epoxies: Ablebond® 84-1
GPD Global assembly, small-dot )

dispensing

LM, no-flow underfill: Amicon®
E1330 LV, 1350, and 1355.

** Jet dispensing (low-viscosity adhesive), True valume positive dispensing wide range of solder paste and adhesives, TruFlow auger valve for medium
viscosity adhesives, and time-pressure for low-to-medium viscosity adhesives. NA — Not Available.

(cont'd.)
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Dispensing System/ Work Area Z-AXis Dispensing
Manufacturer D|mens! ons Tr_avel Method/Speed (dph) Applications Examples of Compatible Adhesives
(X,Y,in) (in)
Micro | (stand-alone) Undefill, ) . . ®
and Il (in-ling)/ 18.x 18 1.83 Auger/28,000 semiconductor die Sangco]r\ﬁ:/ﬁosr;gf at tacTKA(;) Ifff nd
GPD Global (maximum) attach, and hybrid y ; Hyso ’
di enéin (heated) QMI 506, and QM| 505 M T,
Spensing 4@ | Hybrid Dispensing: Abl ebond® 84-1
MicroMax® 11/ Underfill: Ablebon LM Ablebond® 84-3
12x 12 2.25 Auger/36,000 7737s. Amicon® : on :
GPD Global S Epo-Tek® H20-E.
E1252, Hysol FP4459,
o ) SMT adhesives Chipbonder® 3615,
MRSI-175Ag/ 12% 10 - Pofjtl';’o‘;’:%a?g?nﬁtd jtt:mp cOr;clil;pC:r:/: negoxy Dymax 9-20367, and 9-20368,
Newport Corp. achievabl €)/18,000 including SMT Amicon” D124 F 15, D125 F, and

125F DR.
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Linear-piston pump. Thethird type of pump used in dispensers, linear
piston, is atrue positive-displacement pump. This pump uses a piston to
change the volume of a reservoir that is fed from the main syringe. The
displacement of the piston producesan equival ent positivedisplacement of
fluid through the pump. Changesin viscosity havelittle or no effect on the
repeatability of dispensed mass. Of the three methods, the repeatability of
the linear-piston type is the best (1%, except for very small dispense
volumes of lessthan 20 microliters).[5! Repeatability of the time-pressure
method is +10% and for the auger method is 4% (short term less than 30
minutes).

Automated dispensing of underfill adhesives. In addition to die
attachment and surface mount, automated sel ective dispensing isal so used
to apply adhesives as underfillsfor flip-chip devices, chip-scal e packages,
and ball-grid array packages. The adhesiveisdispensed along one or more
sidesof thedeviceand flows by capillary action beneath the devicesfilling
inthevolumearoundthesolder balls. Someunderfill material shavehighflow
rates and are “self filleting.” In other cases, an additional “seal” passis
required on the dispense side to create auniform fillet around the device's
perimeter.[53 In general, the needletip should be 1-3 mils of f the substrate
and offset by 1-3 mils from the edge of the device.[4

A range of fill patterns that can be used is shown in Fig. 4.12.154 The
specific dispensing pattern used depends on the shape of the part (square or
rectangular) and the size of the device.

The smple “1” dispense pattern is widely used for sguare devices.
Multipleapplications, however, may beneeded followed by afilet or seal at
the other threesidesusing afinegaugeneedle. A limitation of thisapproach
isthetimerequiredtounderfill largedie. For diesmaller than 3-mmsquare,
asingle passusually suffices. Y et another option for small dieisto apply a
single dot at one edge.!>3

An “L” dispense pattern is also used (Fig. 4.12). After the adhesive
flowsout, afillet is dispensed at the other two sides. The L pattern may be
started from one corner using asingle pass or from acommon corner using
atwo-step process.® Die greater than 3-mm square, but less than 6-mm
square, may require L -shapedispensing and 2-3 morepassesafter allowing
sufficient time for the adhesive to flow-out beneath the device. L-shaped
dispensing is also used for rectangular devices such asflip-chip ICsin
which case the dispensing is started along the longer side of the device.!>
Both L- and |-shaped dispense patternswork well with small flip-chip and
chip-scale package devices. Large devices, regardless of type, require the
L -shape pattern.
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Slowest Flow, Least Trapped Air

Wait Between Passes After Flow Out Time

Faster Flow
After Flow Out Time

Remaining Material

Optimal Flow Speed, Trapped Air Sensitive

After Flow Out Time

Figure 4.12. Dispense patterns for capillary-flow underfill adhesives: top: “I”
shaped pattern; middle: “L” shaped; bottom: modified “U."54
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Themodified U patternisfastest to apply but, of thethree methods, has
the highest risk of air entrapment. The adhesiveisdispensed intwo strokes
forming aU pattern, thenisfollowed by aseal alongthelast side(Fig. 4.12).

Material factors affecting automated dispensing. In dispensing
adhesivesfor underfill, aswell asfor dieattachment and surfacemount, flow
properties and viscosity are paramount. Low viscosities are essential for
rapid dispensing and efficient capillary flow beneath the devices. Dispense
temperatures of 70°C—85°C may be used to reduce viscosities of the fluid
to less than 500 cps from otherwise 20,000 cps or greater at room
temperature.®® Most adhesives experience an increase in viscosity of
25%—-100% when their pot lives have been exceeded. An example of the
increasesin viscosity that occurred for a snap-cured epoxy used in surface
mountingisgivenin Table4.23. Overtime, thisincreaseinviscosity results
in a decrease in the amount of material that can be dispensed. To
compensate for this, one or more machine adjustments must be made such
asincreasing theair pressure, increasing the dwell timefor dot patterns, or
reducing the line speed of the dispensing head.

Several defectsassociated with the automated dispensing of adhesives
arepossible, among whicharestringing, tailing, missing dots, satellitedots,
andinconsistent dot heights. A common defect, known asstringing, occurs
if, after dispensing, theadhesivedoesnot break quickly and cleanly fromthe
needle(Fig. 4.13). Stringing may contaminate adjacent surfaces or compo-
nents. Theincidence of adhesivestringingishighif theadhesivevolumeis
too low for the needle’s diameter and for the standoff height. Using a
smaller-diameter needleand reducing the standoff height usually solvesthe

Table 4.23. Viscosity Changes vs Pot Life for a Surface-Mount Adhesive[®’]

at 0.5rpm at 5rpm
Initial viscosty 919,143 cps 403,286 cps
After aging 3 hrsat r.t. 1,065,714 cps 533,438 cps
% change 16 32
Thixotropic index 23 20
Values are averages of seven batches of Aptek Laboratories surface-mount epoxy
adhesive: DIS-A-PASTE 2311 PMF. (Source: Aptek Labs. Inc.)
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Needle motion
relative to PCB

Figure 4.13. Adhesive stringing during dispensing.[*®! (Courtesy PennWell Corp.)

L/

problem. A maximum standoff height of one-half the needle’sID is used;
above this, stringing and inconsistent dispensing occurs. Other causes of
stringingincluded ectrostatic chargeontheboard, incorrect z-strokeheight,
board warpage, and insufficient support for the board.[*?]

Tailing occurs when the dot size becomes less than twice the inside
diameter of the needle. Witha0.4 mm ID needle, dot size should beat |east
0.75 mm; with a0.6 mm I D needle, the dot should be greater than 1 mm.[°]
Tailing is also reduced by increasing the retraction speed.[*7]

Missing dotsresult frominsufficient line pressure, clogged needles, or
air bubblesin the adhesive causing the adhesive to be dispensed intermit-
tently.[58 Missing dotsresult inimproper parts placement, incorrect orien-
tation, and degraded bond strengths.[*8]

Satellite dots are extra, mislocated dots caused if the standoff heightis
too high or if thevolume dispensed istoo great for the needle. Satellitedots
result in bond pad contamination or low-strength bonds. They can be
eliminated by reducing the pressure or by switching to a needle having a
larger insidediameter.[48]

Inconsi stent dot heightsand sizesmay result fromaneedl estandoff post
that islanding on solder padsor by increasesintheviscosity of theadhesive
during itsworking life. A replacement needle with adifferent post usually
solvesthefirst problem. Also, increasing thedi spensing pressureasviscosity
increasesand reducing thedi spensing speed generate morereproduci bl edot
sizes.
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4.3.5 Jet Dispensing (Non-Contact Type)

Jet dispensing, also known as jetting, is a direct-dispensing process
whereby theadhesive pasteisforced through afinenozzleand programmed
to flow onto selected areas controlled from a computer database. It is an
automated method that differs from syringe/needle dispensing in that
contact withthesurfaceisnot requiredto producethedots, lines, or patterns.

Jet-dispensing equipment usesacl osed-100op, positive shut-of f pistonto
dispense the adhesive. The adhesiveis pressurized at the syringe to assure
constant flow. Using aspring-driven ball and seat mechanism, theadhesive
fillsthevoidleft whentheball retractsfrom the seat. When theball returns,
the force due to acceleration breaks the stream of adhesive, which isthen
jetted through the nozzlein precisely controlled amounts onto the printed-
circuit board (Fig. 4.14). Unlike contact automated syringe dispensers,
jetting requiresno z-axismotion, thetimebetween shotsisapproximately 15
millisecondsversus90milliseconds, and theuniformity and shapeof thedots
are not affected by substrate warpage or by the surface tensions of the
needle and board.

Spring raburms

Wlaterial s ball to saak

led inkto je1
far Pisbon
Air chamber
to lift pistan
Heater
flatarial flows
to seat

Ball jeds

adhiesive ol

W

Figure 4.14. Jet-dispensing concept, DispenseJet® DJ-2100 valve.l81 (Courtesy
Asymtek.)
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Jet dispensing wasdevelopedfor SMT primarily toincreasethroughput
by increasing the speed at which dots can bedispensed up to 70,000 dph. Jet
dispensing al so producesbetter quality dotsand much smaller dotsthanare
possible with syringe dispensing, thus meeting requirements for attaching
very fine-pitch small devices. Dropletsof adhesivein picoliter volumescan
be dispensed but, if larger dots are required, they can be produced by
dispensing additional shots over the first dot in rapid succession.[>¥ Jet
dispensing hasal sosimplified andimproved thedispensing of epoxy underfill
adhesives. With jet dispensing, there is no risk of a needle clipping and
damaging the die or of the needle itself being damaged since thereisno z-
directionmotion of thedispensehead. Because of theabsenceof z-direction
motion, a20% improvement in throughput has been reported. 6]

Adhesives for jet dispensing must have relatively low viscosities of
approximately 120,000 cpsat 5rpm, or 20,000-40,000cpsat 10rpm, andfast
recovery of thixotropic properties after dispensing (narrow hysteresisin
viscosity loop).[%2 Examples of SMT adhesivesthat arejet dispensibleare
Loctite’s Chipbonder® 3621, Epoxy Technology’s Epo-Tek® H70E, and
Emerson & Cuming’s Amicon® E-1330.[63]

In summary, the key advantages of jet dispensing are:

¢ Highthroughputsof 70,000 dph compared with lessthan
40,000dphfor single-head syringedispensing. Thesehigh
deposition rates are better able to match the high compo-
nent placement rates.[641(65]

» Reduced cleaning operations.

» Eliminationof stringing.

* Improveddot uniformity.

* Adjustabledot height and profile by stacking dots.

e Tolerance for board warpage and previously assembled
components. Avoids need to compensate for height.

Somelimitationsincludethefollowing:

« Highlyviscousmateria sarenot suitable. Only low viscos-
ity, highly thixotropic adhesives can be used.

* Droplets are limited to one size, however, dots can be
stacked to increase their size.
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4.3.6 Preform/Tape Attachment

Preforms, tape, or film adhesives, unlike the paste or liquid adhesives,
are already in the solid state. They may be thermoplastic or thermosetting
but, in both cases, may be purchased as sheets of various thicknesses and
cut to sizeto accommodate specific device or part sizes. Inusing preforms,
the electronics assembler avoids problems associated with the storage,
handling, and dispensing of liquid adhesives. Partssuch asleadframes, lids,
and substrates may also be purchased with pre-attached preforms, a
conveniencetotheuser, whothenavoidshavingto cut and handleindividual
preforms. Most parts can also be stored for up to one year in ambient
conditionswithout affecting their properties.

Thermoplastic preforms provide instant bonding since they melt,
bond the surfaces, and resolidify quickly on cooling. They also have the
added advantage of being easily reworked. Attachment conditions vary
according to the preform used, but generally consist of melting the preform
at around 200°C with an applied pressure of about 10 psi. Thermosetting
preforms are partially cured adhesives, primarily epoxies. By heating and
applying pressure, they will also flow and wet the surfacesto be bonded,
but then must be fully cured by further polymerization through continued
application of heat. Flow may be induced at 60°C-100°C followed by
curing at 80°C-150°C with applied pressure of 1015 psi. Thermosetting
preformsgenerally resultin higher shear strengthsthan thermoplastictypes
and are capable of resisting higher temperatures. Die-shear strengths of
2,000-3,000 psi for thermosetting preforms are typical. Silver-filled pre-
formsareal soavailableand, becauseof their highthermal conductivities, are
used to attach heat spreaders, heat sinks, and circuit substrates on PWBs
or inside ceramic or metal packages. Thermal conductivitiesfor thesilver-
filled preformsaretypically 6 W/m-K comparedwith 1.5-1.6 W/m-K for the
electrically insulativetypes. Electrically conductive preforms having con-
ductivitiesof 5x 103to 5 x 10-*ohm-cmareal so used for EM| shielding. (58]

4.4 PLACEMENT OF DEVICES AND
COMPONENTS

After the adhesive has been dispensed onto the PCBs or other
interconnect substrate, bare die and other electronic components must be
precisely placed. Of course, pick and place can be done manually using
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vacuum pick-up toolsor tweezers, but thisapproachisuseful only for small
quantities, prototypes, or for rework. The risk of human error is high and
accuracy isexacerbated as more and morevery fine pitch devicesare used.
Even placing thedeviceinthecorrect location, but in thewrong orientation
canresultinelectrical failure. Manual placement isimpractical for produc-
tionquantities.

Fortunately, advanced robotic equipment has been developed and is
commercially availablefor accurate, high-speed placement of components.
Entry-level automated placement machinescan place 3,000-5,000 partsper
hour while mid-range equipment, that can hold more feeders, can place
8,000-10,000 parts per hour. On the high-end, placement speeds of 30,000
and higher are being achieved.!®”) In fact, speeds of the new equipment are
so great (chipshooters can place up to 80,000 components per hour) that
they often must be slowed in order for adhesive dispensing to catch up;
aternatively extraadhesivedispensersmust beadded totheproductionline.

A wide variety of fully automatic machines exist. Generally, feeders,
which may consist of tape-and-reel, stick, or tray, deliver the parts
individually so they can be picked up and automatically inspected.
M achinesare equi pped with vacuum nozzlesto pick up thecomponentsand
carry themthroughinspection, alignment, and placement. A list and descrip-
tion of commercially avail ablecomponent placement equipmentisgivenin
Table4.24.

4.5 CURING

After dispensing the adhesive and placing the devices, the adhesive
must be cured, that is, it must be advanced from aliquid or semi-solid state
to asolid state for full development of its adhesive strength and dielectric
properties. In the broad sense, curing isthe processing that isinvolvedin
atering the state of theadhesive material sothat it can adequately bond two
surfaces. In most cases, this involves polymerization of |ow-molecular-
wei ght monomersor polymersthrough the application of heat or other form
of energy. With prepolymerized materials, such as many thermoplastics,
curing simply involves evaporation of the solvent (if thereisasolvent) and
heating to bring the adhesive up to its melt temperature. In other cases, as
with polyimides, curing involves the formation of ring structures along a
prepolymerized mol ecul ar chain by heating.



Table 4.24. Component Placement Systems

Board Sizes Throughput

M odel/Supplier (in xin) (placements/hr) Placement Accuracy Part Types Placed
TP9-UFP* and
TP-11UFP/Mydata 6,000 .
Automation 0.7x0.7 IC§, MELFs**, air-wour
(minimum) coils, and 0402 parts, ar
Models TP12-UFP 0 0.002 mm (x) and QFPsup to 2.2 inch sque
and T18-UFP/ 6,500 0.005 mm (y)

. 13 x 18 (standard),
Mydata Automation 20 x 18 (optional)
TP9-2U/Mydata

Automation

Quad IVcy,,,115/
Quad

Quad 1V eme90/
Quad

Quad Ve 68/ +0.06 mm (accuracy),
Quad +0.03 mm (precison)

Quad IVcy,,,136/
Quad

Quad 1V Cpmp204/
| Quad

Wide range of componer

4,800 including SOICs

18 x 18

18 x 22 3,600

0402 to PLCC68

18x 24 7,000

9,400



Table 4.24.(Cont'd.)

+0. 04 mm (IC9)

. Board Sizes Throughput
M odel/Supplier (in xin) (placements/hr) Placement Accuracy Part Types Placed
0402 chipsto 1.8 inch
g\é[r Mziczgg /SMT 2x2to 7200 + 0.04 mmw/IC head, (45-mm) square QFP and
Cor 16x 20 ' + 0.1 mm w/chip head BGA, fine pitch and non-
P- standard shaped components
. . +0.04 mm 0402 chipsto 1.8 inch (45-
SMT 2350C/ 2x2to Passive device C
CELMACSSMT | 16x 20 and 24-79 | chips: 62001cs: | /'€ f‘(’)'s'lon) head, :f.]m) e SFP and B(?Ad'
Corp. milsthick 1,818 =oAL mm Ine pitch and non-standar
' w/chip (chucking) head shaped components
SMT 1250C/ 2x21t0 . :
CELMACSSMT | 16 20 and 24-79 10,825 0.1 mm moznfm')os“b’lalrfénég (45
Corp. milsthick =
0402 to 1206, 0603 to 1812,
RX1UTDK 2x2t016x 12 20,000 +0.1 mm and SOPs
0402 to 1.7-inch (44-mm)
SS-2/TDK 2% 21018 x 15 4,200 +0.1 mm (standard chip), square chip components.

1206, 0603 to
1812, and SOPs

(Source: Compiled from suppliers' technical data sheets)
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Inastricter sense, curinginvolvespolymerization of monomer resinsby
reaction with a hardener or by initiation with catalysts and, generally,
requires heat or another form of energy. Epoxy resins and other thermoset
resinscureby formingahighly cross-linked structureeither by condensation
or an addition of polymerization (see Ch. 3). Some hardenersand catalysts
for epoxy resins are so reactive that, upon mixing, curing takes placein a
matter of minutes, even at room temperature. Among these fast curing
agents are the primary and secondary aliphatic amines and the boron
trichlorideor trifluorideaminecomplexes. Other hardenerssuch asaromatic
anhydrides require elevated cure temperatures for a period of time to
achieve full polymerization. Heating is the most widely used method for
curing adhesives and may be applied in a convection oven or by infrared
lamps in a conveyor furnace. Localized heat may also be generated by
microwave heating equipment. Other curing methods involve exposureto
ultraviolet light or to moisture. A summary of the various curing methods
withtheir advantagesandlimitationsisgivenin Table4.25 and adiscussion
of them follows.

45.1 Thermal Curing

Adhesivesthat are heat cured fall into three categories. conventional,
fast cure, and snap-curetypes. Theconventional typescurein0.5to 2 hours
at temperatures of 150°C to 175°C. These adhesives have generally been
usedinhigh-reliability applications, especially inhermetically seal ed pack-
ages for multichip modules or hybrid microcircuits where subsequent
outgassing can causefailures. Curingisconductedin box ovenswith either
circulatingair or nitrogen. Inthehigh production of consumer and commer-
cial products, fast-curing adhesives have been devel oped that are compat-
iblewithautomatedin-lineequipment. Thus, therearefast-curesystemsthat
curein 15 minutesor less, and the snap-curetypesthat curein lessthan one
minute at temperatures greater than 150°C. Curing is conducted following
in-linecomponent placement by movingthepartsonaconveyer belt through
an infrared furnace. Furthermore, surface-mount adhesives have been
developed that can be partially or completely cured during the solder-
reflowing step. Those that are partially cured must then receive a short
postcure.

Inadditionto heat, someadhesivesrequirethesi multaneousapplication
of pressure. Examplesincludethebonding of substrateswith thermoplastic
film adhesivesand thebonding of flip-chipand TAB deviceswithanisotropic



Table 4.25. Comparison of Curing Methods

Good for heat-sensitive devices

'\C/I: lé”}g% Advantages Limitations
Long cycle times for most formulations
Thermal I_‘O_W cost _ Incomplete cure may occur with fast cure,
Uses existing equipment snap cure adhesves, depending on
thermal mass
Uses existing SMT equipment in place , .
Infrared j May require post curing
High throughput
Fast curing rates (factor of 10) over forced . S
_ convection heating Cure schedul esrequire optimization of many
Microwave . parameters
Reduced sressfrom CTE mismatched - ,
materials Specialized equipment
Rapid curing increases production throughput _ _ .
N Good for heat-sensitive devices Lineof site process; shadow area may require
UV visible ) athermal pog-cure
Low production costs Requires photosensitive formul aions
Reduced energy requirements
. Limited to only a few polyurethane and
No heat or energy required Slicone adhes ves
Moaisture Room-temperature cure

May require several daysto achieve full cure
May require post heat curing
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adhesives. In bonding ceramic substrates to the inside of metal or ceramic
packageswithan epoxy film, sufficient pressuremust beapplied during cure
so that the adhesive flowsevenly, moving air and other entrapped volatiles
out toward theedgesand forming afillet around the part. Often, small voids
or bubblescan be seeninthefillet after curing, anindication that solvent or
absorbed moisture were pushed out. Thismay not be seriousif the number
of voidswithinthebondlineissmall or nonexistent. Techniquesfor reducing
voidsinclude vacuum baking the surfaces prior to applying the adhesive,
curing the adhesive while under vacuum and pressure, or step curing the
adhesive. The degree of voiding may be quantitatively determined by
scanning acoustic microscopy (SAM) or, moresimply, by using glassasone
of the adherends so that voids may be detected through the glass from the
bottomside.

Withanisotropicadhesives, pressureisnecessary to squeezethefilmso
that electrical contactsare made between the aligned el ectrodes of the parts
being bonded. While under pressure and whilethe el ectrodes make contact
withthemeta filler particles, theadhesive curesintheareasurrounding the
connections and fixes the positions of the z-direction connections.

Outgassing during cure. Solvents, low-molecular-weight additives,
reactive diluents, absorbed moisture, and other constituents outgas during
thermal curing. Thenatureof theoutgassed productsand their amountsvary
with the adhesive formul ation used and with the cure temperature. It is, of
course, important that these volatiles be removed to produce sound, void-
freebondlines; however, thecondensationand redeposition of thesevol atiles
(acondition called raining) on theinterior of an oven and on other circuits
being cured in the same oven presents acontamination problem. Thus, itis
desirabletouseadhesivesthat producetheleast amount of outgassing during
cure and that the outgassed products not be corrosive. Selecting adhesives
that havethelowest weight losses during cure have been shown to produce
thehighest yield of good wirebonds.[%8 Compoundsthat have been evolved
from curing epoxy adhesives include methy! alcohol, carbon dioxide, ac-
etone, methyl ethyl ketone, toluene, nitrogen heterocyclic compounds,
unsaturated hydrocarbons, 2-propenol -1 (allyl alcohol), and 2-propeny! ester
of formic acid.!®% Most of these are solvents used as part of asolvent-based
formul ation or areresidual solventsthat wereusedinthemanufactureof the
adhesive. Weight losses during cure can be as high as 25% (asfor solvent-
based adhesives such as polyimides) but, in most cases, rangefrom 0.4%to
5% when cured according to the manufacturers’ instructions.!”®
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45.2 Ultraviolet/Visible Light Curing

Photosensitive adhesive formul ations based on acrylates, epoxy acry-
lates, and polyurethane acrylics may be cured by exposureto ultraviol et or
visiblelight. Thekey benefitsof UV curing arethe speed of curing and the
avoidance of high temperaturesfor heat-sensitive components. UV -curing
adhesivesarefindingincreased usein high production assembly whereonly
5 to 20 seconds are required to cure an entire populated circuit board. The
curetimedependsontheformulationand on thefrequency and power of the
UV source. Curetimesof 10—20 secondsresult fromusing longwavelength
(365nm) fromamoderateintensity sourceof 50 mW/cm?. By using ahigher
intensity radiation source of 150 mW/cm?, the cure time can be reduced to
5 seconds.!” In general, optimum cures are obtained in the wavelength
range of 250 to 400 nm and aradiant output of at least 150 mW/cm?.[7Z

M edium pressure mercury-vapor lampsare quite popul ar asasource of
UV radiation. UV -curing equipment can emit light at specific frequencies
matching theabsorption bandsof the photosensitivegroupsof theadhesive.
Theshapeandintensity of theemitted radiation canbevariedtofloodalarge
areaor focusedfor high-intensity, high-speed curing. Many companiesthat
supply UV -curing adhesi vesal so sel| compati bl e curing equi pment ranging
from portable hand-held wands to conveyorized-belt systems.[”?!

45.3 Microwave Curing

Variable-frequency microwave (VFM) curing isafairly recent devel-
opment for rapid curing of adhesives, coatings, and encapsulants.[” VFM
curingdiffersfrom conventional microwaveheatinginusing swept frequen-
ciesinstead of a fixed frequency. Variable-frequency microwave makes
use of three parameters: central frequency, frequency bandwidth, and
sweep rate. Through the frequency-sweeping process, problems of non-
uniform temperatures and arcing associated with conventional microwave
ovens are avoided. VFM curing is reported to be 2 to 10 times faster than
conventional heat curing. A further advantageistheuniformdistributionand
precisecontrol of microwaveenergy that can heat large sectionsuniformly.
Comparedwith conventional heat curing, VFM curing produced similar die-
attachment stresses and reduced warpage of FR-4 printed-circuit boards
onto which the components were attached.[”® Since 1994, Lambda Tech-
nol ogieshaspioneeredtheV FM processand hascommercializeditthrough
the devel opment and sale of microwave equipment.
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45.4 Moisture Curing

Moisture-curing adhesives are formulated with resins that react with
atmosphericmoisturetoformacured polymer. M ost of theseresinsareone-
part cyanoacrylates, silicones, or polyurethanes. The key advantage, of
course, istheir ability to curewithout the use of heat or other external form
of energy. However, in many cases, several days of ambient exposure are
required to achieve full properties since the rate of curing is dependent on
therelative humidity and the thickness of the adhesive. If thereistoo much
moisture on the surface, curing of polyurethanes occurs so quickly that
carbon dioxide (a significant by-product) becomes entrapped resulting in
voids. Conversely, incold temperatures, below -9°C, moisturelevelsare so
low that thereaction curingrateisextremely slow. Moisture-curedsilicones
and polyurethanes are used more as sealants, filleting, and vibration-
damping compoundsthan astrue adhesives. Because of their low moduli of
elasticity and low, often negative T, both silicones and polyurethanes are
used as adhesives and seal ants where stress relief is critical, especialy at
low temperatures. RTV moisture-cured siliconesal so providebothvery low
and very high-temperature stability.

45.5 Degree of Cure

Incomplete cure, where some of the resin or hardener remains
unreacted or wherethemonomer resin doesnot fully polymerize, adversely
affectsall thepropertiesof theadhesive. Incompletecuresresultinreduced
bond strength, T, and electrical valuesand greater outgassing and moisture
absorption. Incompl etecuring can result from sub-optimal time-temperature
curing schedule, non-stoichiometric amounts for a two-part system or
inhibition of thecuredueto certain contaminants. Non-curing or incompl ete
curing can bedueto contaminantsfrom theambient or fromthecuringoven.
Aminesand moisture, for exampl e, arereportedtoinhibit thecureof acrylic
resinswhileorganotin, other organometallic compounds, sulfur-containing
compounds, and aminesarereportedtoinhibitthepolymerization of addition-
curesilicones.

Overcuring, although not as serious asincomplete curing, canresultin
embrittlement, reduced vibration, and shock resi stance. M ost methodsused
to establish the optimum cure are based on measuring aspecific physical or
electrical property asafunction of the time and temperature to produce an
optimumyval ue. M orequantitativemethodsinvol vemeasuring changesinthe
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infrared spectrum of absorption bands of functional groups. These bands
either disappear, appear, or changeinintensity asaresult of polymerization
(see Ch. 2).

The degree of polymerization may also be measured by differential-
scanhing cal orimetry (DSC) from heat changesthat occur during cure. The
degree of cure is represented by the ratio of energy at time t to the total
energy.l"8 Using differential-scanning cal orimetry, the percent conversion
of amonomer resin to the cured polymer is given by:

Eq. (4.8) % Conversion = A/Aa % 100

where A5 iSthetotal areaof the peak in the heat flow DSC curve and A,
isthe areaat any timet.

DSC hasbeen used to establish optimum cure schedul esfor rapid curing
(snap cure) adhesivesand adhesivesrequiringlonger cures. Resultsshowed
that the snap-cured adhesive was 98% cured in 3 minutes, compared with
over 15 minutes for the conventional cured adhesive.[5® The cure for the
latter adhesive was verified by thermomechanical analysis (TMA) by
measuring the T, as afunction of cure schedules where it was shown that
upto150°C, the T had not yet reached apl ateau after 30 minutes. At 165°C,
aplateau was reached in 30 minutes, and at 170°C, the Ty peaked in 10 to
15minutes.

Curecyclesfor adhesivesshould not beinterrupted. Step curing should
beperformedinthesameovenwithout exposingtheadhesivetoambient air.
Moisture absorptionin partialy cured adhesives affectsthe curing process
andaltersproperties. Theeffectsof interrupting thecurecycleand exposing
an epoxy encapsulant to air moisture were shown by Naito and Todd.””)

4.6 REWORK

Thedecisiontorework electronic devicesor assembliesdependsonthe
cost of reworking versus the value of the part. Consumer electronics, due
to their low cost, are considered throwaways and seldom reworked. For
some, such asplastic-encapsul ated microcircuits (PEMs) that are produced
inhighvolumes, rework isimpractical becauseof thedifficulty inremoving
the plastic encapsulant without destroying the components. However, for
high-valueassemblies, such asdensely popul ated PWBsand M CMs, where
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the final value may be as high as $10,000 or more, the ability to rework is
essential. In such cases, rework may be necessary to meet scheduleswhen
small numbers of assemblies are produced, as for example for space and
many military applications.

Rework generaly consists of removal and replacement of a failed
€l ectronic component that hasbeen detected after initial el ectrical testing or
testing after burn-in. The actual rework procedure is more of an art than a
science. Since each component or assembly is different, considerable
experience and care are required to sel ectively remove one device without
damaging adjacent ones.

4.6.1 Rework of Components and Chip Devices

For adhesive-attached components or chip devicesthat areelectrically
connected by wire, TAB, or ribbon, the leads must first be excised. In the
case of solder-connected components, the solder is heated to its melt
temperature and wicked off the part.

Most el ectronic components are attached with epoxies. Epoxies, being
thermosetting, do not melt and resolidify asdo thermopl astic adhesivesand
solder. At sufficiently high temperatures, epoxiesdecompose and char and
their residues are then difficult to remove. Rework proceduresfor thermo-
setting adhesives are based on selectively heating the part to atemperature
slightly abovethe T, of the adhesive, at which point the adhesive softens. A
shear force is then applied using a wedge tool to detach the component.
Where circuit components and materials are proneto thermal oxidation or
decomposition, a jet of hot nitrogen gasis focused only on the part to be
removed. The entire assembly or substrateis usually heated on ahot stage
at moderatetemperaturesof 80°Cto150°Ctofacilitatetheremoval withthe
hot gas. Residual epoxy may be removed using a heated blade maintained
at approximately 200°C or by abrading the surface. After cleaning, fresh
adhesive is applied, a new device attached, and the adhesive is cured.

4.6.2 Rework of High-Density Modules

With advancements in MCMs, where large chips (up to 500-mils
square) are closely packed and where devices and interconnect substrates
arefragile (for example, polyimide thin-film multilayer substrates used in
MCM-D), new rework challenges have arisen. In these high-density
circuits, spacings between the chips may be as small as40 mils—too small
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toinsert awedgetool without damaging adjacent die. Attemptsto shear off
the failed device also run the risk of scraping or damaging the thin-film
interconnect circuitry. Furthermore, because of the large bondline areas of
the chips, the force required to dislodge the chip is high.[’®! Among new
rework techniquesdevel opedfor high-density thin-filmcircuitsisonewhere
atool isbondedtothetop surfaceof thediewithan adhesivethat hasahigher
pull strength than the adhesive originally used to attach the die to the
substrate. The tool, called athermode, is subsequently heated. Chips are
removed by heating the thermode to 245°C for 3-5 seconds while the
assembly isonahot stageat 150°C andwhilearocking motionisapplied that
imparts a combination of shear, tensile, and peel forces (Fig. 4.15)."% In
detaching devicesbonded with Ablestik® 84-1 LMIT (el ectrically conduc-
tive epoxy), thethermode was attached with Ablestik 41-1. Thisprocessis
avariation of thewell-known Sebastian Pull Test, which usesthe Sebastian
Pull Tester, anail-head tensile pull tester from Quad Group, Inc., Spokane,
Washington.[2

Thermode

Thermode adhesive
Die attach adhesive

Figure 4.15. Thermode method for die removal.
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4.6.3 Rework of Thermoplastic Adhesive-Attached
Components

Componentsthat are attached with thermopl astic adhesives are easi est
to remove.[8! Partsto be removed are simply heated with ahot solder iron
or by adirected stream of hot air or nitrogen to the melt temperature of the
adhesive, then physically removed withtweezersor sheared off. A new part
can be attached without having to completely remove adhesive residues
since the resolidified adhesive residue will remelt on attaching the new
component. Unlikethermosetting adhesi vesthat soften only gradual ly after
reaching their glass-transition temperature and that retain much of their
strength, most thermoplastic adhesives melt at a specific temperature or
over anarrow temperaturerangeandloseall their strength (Fig. 4.16). Thus,
they arebest suited for fast-turnaround production avoiding hoursof curing
incontrolled-atmosphereovens.[#Z

—--—= Thermoplastic adhesive
Thermoset adhesive

\
1
i
\
\
\
\
\
1

Temperature

Figure 4.16. Relative strengths of thermoplastic and thermosetting adhesives
(T is the melt temperature of the thermoplastic adhesive; T, is the glass-
transition temperature of the thermosetting adhesive).
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46.4 Rework of Attached Substrates or Assemblies

There are occasions when it may be desirable to salvage a populated
substrate that is already attached in a sealed package; for example, if the
sealed package was found to be afine or gross leaker and the costs of the
substrate and components were high. In such cases, the substrate may be
detached from the package by first severing the wiresthat connect it to the
packagepins, then heating theentiremodul ewhileprying thesubstratel oose
at one edge. Some more brittle adhesives may detach from the package by
carefully flexing the package. However, thisprocedureisrisky, particularly
for large-area packages, since the substrate may crack and the entire
circuit be damaged. Aluminasubstrates, being mechanically stronger than
silicon substrates, are better able to survive this procedure. Thermoplastic
adhesives used to bond substrates are easier to remove and desirable,
provided they have the thermal and mechanical properties to withstand
vibration, thermal shock, and other applicati on-specificrequirements. Ther-
moplastic films such as PEEK® (polyaryletheretherketone) and UL TEM®
(polyetherimide) havebeeninvestigated and reportedto passstringent M I L -
STD-883, Method 5011 tests.[®

Alternative remova methods have been reported, but none is widely
used. Of these, one involves sliding a hot wire, through which current is
passed, between the substrate and package. This process simultaneously
softens and slicesthrough the adhesive bondline. Another method consists
of inserting aresistance heater on the underside of the substrate to generate
additional localized heating at the adhesiveinterface.

4.6.5 Rework of Underfill Flip-Chip Devices and Ball-
Grid Array Packages

Reworkingunderfilledflip-chip devicesor BGA partsal so presentsnew
challenges since both solder and adhesive are present and both must be
removed. New underfill formul ationshave had to be devel oped that soften,
but do not char at the temperatures required to liquefy the solder. Some
equi pment manufacturershavemodified their flip-chipbonderstoincludea
rework station.[#¥ In general, the chip undergoing rework is spot heated to
melt the solder connections and simultaneously soften the underfill. Ma-
chines are equipped with bottom-side heating of the substrate to tempera-
tures of 125°C to 175°C while the chip is heated from the top side at
temperaturesof 200°C and higher tomeltthesolder. Thechipisthengripped
and twisted or sheared from the substrate.
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5 Applications

Polymer adhesives have found their place in numerous electronics
applications. Mg or usesinclude commercial/consumer products; comput-
ers, andmilitary, space, automotive, medical, and wirel esscommunications.
Some adhesives may be used across several applicationswhile othershave
been formulated to meet application-specific requirements. For example,
reworkability isnot aconsiderationfor high-production, |ow-cost consumer
productssuch ascell phonesor calculators, butisimportant for high-value,
high-density printed-wiring boards (PWBSs) used in military and space
electronics. Further, thermal stability at high temperaturesis required for
near-engineelectronicsin automobiles, aircraft, and for deep-well sensors,
but not for office computers. Themajor applicationsfor polymer adhesives
aretoattach and electrically insulate or to el ectrically connect components,
devices, connectors, cables, and heat sinks to printed-circuit boards or to
thin- or thick-film hybrid microcircuits. In addition, over the last several
decades, new uses for adhesives have emerged for optoelectronic (OE)
assemblies, microel ectromechanical systems(MEMS), and flat-panel dis-
plays.

Thischapterisstructuredintotwo segments: general applications, such
as die attachment, surface mounting, and underfills that apply to many
products, and specific applications, such as automotive, military, space,
optoel ectronics, andflat-panel displays.

5.1 GENERAL APPLICATIONS

Some adhesive material s and processes are used across many applica-
tions. For exampl e, adhesivesused to attach baredieand substratesin hybrid
or multichipmodulesmay beusedfor awidevariety of ground-based military
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electronics, communications systems, and space systems. Adhesives are
also widely used in surface-mounting components onto printed-wiring
boardsthat serve numerousel ectrical functionsfor both low-end consumer
electronicsand high-reliability military and space systems. Underfill adhe-
sivesareusedto providestressrelief and ruggedizethe sol der interconnects
for almost al flip-chip and area-array devices, regardless of their function
asintegrated circuits.

51.1 Surface-Mount Technology

Surface-mount technology (SMT) has emerged as the major assembly
process for printed-circuit boards permitting higher-density circuits than
plated-through-hol esingle-sided or doubl e-sided types. Surface-mount tech-
nology isnow used acrossmany applicationsfrom high-reliability spaceand
military electronicsto low-cost consumer products. Componentsareinter-
connected using solder, but are held in place with electrically insulative
adhesives called surface-mount adhesives (SMAS) until the solder is
reflowed. SMAsare also used to hold componentsin placefor circuitsthat
aretobewavesoldered. Thus, electrically insulative SMAsplay anauxiliary
rolein SMT sol der attachment. However, el ectrically conductiveadhesives
arebeginningto beinvestigated and used as SMAsfor the primary function
of replacing solder.

Inthegeneral processflow for SMT, printed-circuit boardsare cleaned
and dried, solder pasteis stenciled or screen printed onto pad locations to
which components are to be connected, adhesive is dispensed between the
solder pads, and componentsare placed onto thewet adhesive paste. At this
point, the adhesive may befully cured, snap cured, or partially cured. Inall
cases, the cure should be sufficient to hold the componentsin place during
the final solder reflow or wave soldering steps (Fig. 5.1). Adhesives may
aso be cured during the solder-reflow step so that solder reflowing and
adhesive curing occur simultaneously, thusreducing thenumber of process
steps(Fig. 5.2). In high production, these steps are performed using in-line
modul ar equipment that iscomputer controlled (Fig. 5.3).

After the components have been placed onto the wet adhesive, the
adhesive must have sufficient “green strength” (wet strength) to hold the
components in place until they arrive at the solder-reflow stage. Green
strengthistheresi stanceto shifting of thecomponentsthat can occur during
therapid accel eration and decel eration that resultsfrom moving the boards
during automated assembly. Accel erationsand decel erationsranging from
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5 m/sec? to 20 m/sec? result from starts and stops in automated handling
equipment.® Thus, high green strength isnecessary to maintain component
orientation prior tosoldering.

Green strength may be determined by measuring the lateral force that
bonded parts can withstand. In one test method (Siemens Standard
SN59651),4 apopul ated board isallowed to slidedown aninclineto astop
at the base, and the displacement of components on the board is measured
(Fig. 5.4). An acceleration run of 400 mm from aheight of 35 mmismade.
A maximum shift of 0.15 mm (50% of thetrack pitchfor astandard 0.3-mm
pitch part) is considered acceptable.[®]

In another test, a40-mil diameter, 10-mil thick dot isdispensed onto a
test plate. A rod islowered into the uncured adhesive and withdrawn while
aload cell is used to measure the green strength in gm/cm?.[®! Green shear
strengthsmay al so be determined by mounting passivecomponents, suchas
0603*, 0805, and 1206 onto printed-circuit boardswith uncured adhesives,
subjecting the boards to the full force of a high-speed, chip-shooter table
motion,® and measuring component displacement.

*0603, 0805, and 1206 are designations for passive components such as capacitors and
resistors based on size, thus 1206 is a component that is approximately 120 x 60 mils.

Figure 5.1. Representation of SMT for (a) wave soldering and (b) reflow
soldering.[!



Step #1 ——» Step #2 —— Step #3 — Step #4 » Step #5

Print or dispense  Apply adhesive. Place Cure adhesive* Manually assemble/

solder paste. components. (Thermal and/or UV). insert odd-form
components.

Step #6 ——» Step #7 ——» Step #8 — Step #9 » Step #10

Solder reflow. Inspect/test. Rework. Clean. Second pass
assembly.

Step #11 ——» Step #12 (Repeat Stgps 1-8

Clean. Final inspection/test as required.)

and closeout.

* Optional and not required if adhesive cures in preheat zones of a reflow oven.

Figure 5.2. SMT process steps.
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Figure 5.4. Test fixture for measuring green strength. (Source: Siemens Standard
Specification SN59651).

Green strength may be affected by many variables. In general, higher
viscosity adhesivesdisplay greater green strength. Other factorssuch asdot
size and profile, number of dots, and the nature of the adherend surfaces
(passivation, solder maskant) also influence the results.[18] Moisture ab-
sorption of theadhesiveprior tocureisalso critical toadhesive performance.
High moisture absorption shortens pot life, reduceswettability, and affects
cured properties such as the Ty. The ideal characteristics for a surface-
mount adhesive may be summarized asfollows.

* Excellent green (wet) strength.

« High viscosity for dispensing dots having high aspect
ratios.

« High shear thinning and flow under pressure with quick
recovery and limited flow after component placement
(goodthixotropicproperties).

» Easy release from the dispensing tip with no tailing or
stringing.



268 ADHESIVES TECHNOLOGY FOR ELECTRONIC APPLICATIONS

« Ability toretain print or dot height.
* Low moistureabsorption.

* Noncorrosive.

» High strength after cure.

* Low T, (80°C-100°C).

In surface mounting of componentsto plastic-laminate PWBSs, curing
temperatures should be chosen that do not degrade the board material,
electronic components, or other parts already assembled. For epoxy-
laminate PWBSs, itisbest to keep curing temperaturesat or below 150°C for
asshort atime as possible, commensurate with achieving optimum proper-
ties. Curing temperatures higher than 150°C may be used on some high-
grade epoxy boards, on polyimide boards, and, of course, on ceramic
substrates. Lower temperatures are necessary for polyester and other low-
cost consumer-grade laminates. Thus, in curing epoxy surface-mount
adhesives, schedules of 120°C-150°C for approximately 1-3 minutes are
used, depending on the adhesive. Table 5.1 lists some specific SMT
adhesives, their recommended curing schedul es, and other properties. Inthis
table, the yield value refers to the minimum force required to start an
adhesivemoving. Yield valuesare hel pful in setting the equipment param-
etersfor screen printing or stencil printing.

After the solder hasbeen reflowed and the adhesive hasbeen cured, the
adhesive has served its primary function of holding the components in
positionduring solder reflow. However, sincetheadhesiveremainsperma-
nently on the board, its cured properties must be such that it will not reduce
the reliability of the assembly or cause subsequent failures.

The properties of cured surface-mount adhesives that are critical to
their performance include moduli of elasticity (MOE), coefficients of
thermal expansion, glass-transition temperatures, and thermal conductivi-
ties. Modulusisespecialy critical for large components and for adherends
having dissimilar expansion coefficients. High-modulus adhesives do not
readily absorb stresses during thermal cycling. Expansion coefficients for
surface-mount adhesivesrangefrom 45-100 ppm/°C below the T, and 150
190 ppm/°C abovethe T,. Values of T, rangefrom 70°C-150°C, but some
are very low and even negative, such as those for elastomeric polyure-
thanes and silicones. Low T, values are better for stress relief and for
rework. Generally, surface-mount adhesives should have CTEs below 50
ppm/°C, to avoid cracking of solder jointsduring thermal excursions.



Table 5.1. Properties of Surface-Mount Paste Adhesives

. Yield Shelf life Lap- CTE
. . Thixo- ° Cure S Volume Thermal
Pr&ducltiyamd Type Vlicosslzty tropic V,\?/I u% P4tOLCf/e3 Schedule StShearth ppm/°C ;ré Resistivity | Conductivity
pp P Indec | (N/M", oLl min @ °C reng ohm-cm W/mK
Casson) 25°C psi o o
o Calcium e .
Electronics carbonatefilled | 420,000 >6 N/A N/A 80°C N/A 48 | 170 | 66 | 21x10 0.027
Assembly Materials Epoxy resin
Amicor” E67s0y | Polyamidecured smes | 35@
Emerson & epo;?’gmmt S 185000 | 46 | 2800 | oolo) | 120Cin | 2000 | NA | NA | 65 104 0.25
Cuming modifiers IR oven
Amicon® E6752/ Po'ya”:ig;c\‘jﬁ 3 mos 35@
Emerson & enoxy 185000 | 46 2,800 . 120°Cin | 2000 N/A | NIA | 65 10 025
Cuming pigments/ (25°C)/- IR oven
modifiers
Amicon® D124F/ . ) 35@
Minerd-filled 135,000- 3mos f 14
Emerson & ; . 32-5.0 730 o 120°Cin >870 55-60 | N/A | 85 >10 0.30
Curming epoxy adhesive 165,000 (4°C)/- IR oven
Amicon® D124F1
Fluorescent epoxy | 180,000— 3mos 15@ 3
Eﬁ(rjr/miﬁgerson& adhesive 260,000 >3.8 N/A (@°C)- 100°C >1,100 N/A | N/A | N/A 1x 10" N/A
Amicon® D125 F3/ | Low-temperature 550,000 25@
Emerson & curing epoxy 600 000‘ 1827 NI/A N/A 120°Cin >900 N/A | N/A | NIA | 1x10% N/A
Cuming adhesive ! IR oven
Amicon® D125 F 3 | Low-temperature i 25@
DR/ Emerson & curing epoxy N/A N/A (éilr?‘ g;g) f erg?ghs 120°Cin | >1150 |70-80 | N/A |80-85| >10% 030
Cuming adhesive 9 ( ) IR oven

'Brookfidd 10 rpm unl ess indicated; 21:10 rpm unless indicated; *Time required to double viscosity; N/A —Not Available. Source: Corrpiled fromsuppliers’ technical data
sheets. Contact suppliersfor specification values.

(cont'd.)




Table 5.1. (Cont'd.)

. Yield Shelf Life Lap- CTE
Product P Thixo- o Cure N Volume Thermal
Name/ Type Viscasity |y onic Value -40°C/, Schedule Shear ppm/°C Yo | Resistivity | Conductivity
Supplier cps Index (N/m’, Pot Life’, min @°C Stren_gth c ohm-cm W/mK
PP Casson) 25°C psi a; a

Amicon”
D125F 4/ Low-temperature | 130,000 to 3months | 25 @120°C
Emerson & curing epoxy 190,000 2954 N/A (0°C)/- in IR oven >870 N/A N/A N/A N/A NIA
Cuming
Amicon®
gégfs "4 | Lowtempaature | 13000010 | , 954 na | 3MOMhS | 25@120°C | o6 | gh o0 | N |70-75|  >10% 030
Emerson & curing epoxy 190,000 (0°C)/- in IR oven
Cuming
Amicon® 2,550,000
D125F 5/ Low-temperature to 3months | 25 @ 120°C 14
Emerson & curing epoxy 2,600,000 1922 NIA (0°C)/- in IR oven >900 55-60| N/A | 70-75 >10 0.30
Cuming (5 rpm)

i ~on®
S 2550000
DR/ Low-temperature ©  li921]| NA N/A 25@120°C | 905 |5560| NA | 70-75| >10% 030
E curing epoxy 2,600,000 in IR oven

merson & (5 pm)

Cuming P
Amicon”
E6001, Crystdline silica 6 mos 25 @ 120°C
6002/ filled amine-cured | 180,000 33 545 0°c)/ R >870 55 N/A | 105 >10™ 03
Emerson & epoxy 3mos in I~ oven
Cuming

*Brookfield 10 rpm unless indicated; %1:10 rpm unless indicated; time required to double viscosity; N/A — Not Available. Source: Compiled from suppliers’ technical data

sheets. Contact suppliersfor specification val ues.

(cont'd.)



Table 5.1. (Cont'd.)

Yield

Shelf Life

Lap-

Product P Thixo- o Cure 5 Volume Thermal
Name/ Type Viscasity |y onic Value “A0°CT | sohedule | ¥ ppm/°C Tg Resistivity | Conductivity
Supplier cps’ Index’ (N/m?, Pot Life min @°C Strength c ohm-cm W/mK
pp Casson) 25°C psi a; a
Epo-Tek®
3 Thermally 1yr .
H70E-4/ conductive 20,000~ N/A N/A (25°C)/ 5@1%0 QC' 1,150 55 185 70 1.0 x 10* 144
Epoxy 40,000 4 davs 1@175°C
Technology Epoxy Yy
Thermosst, 6 mos
PDIS5M/ solvent-free | 100000 1 A NA | (5-12°C) | s@125°C | 362 | N/A | N/A | N/A >10° N/A
( )
Heraeus . 50,000
adhesive >8 hrs
PD966M/ Thermosst, 10,000- 6 mos (5- o
Heraeus solvent-free 40,000° N/A N/A 12°C))- 5@ 125°C 362 N/A N/A N/A N/A N/A
40,000
PD955PR/ Thermoset, 05 15@
Heraeus solvert-free 90,000 N/A N/A N/A 150°C N/A N/A N/A N/A N/A N/A
40,000
PD955PY/ Thermoset, el 15@
Herzeus solvent-free 90,000 N/A N/A N/A 150°C N/A N/A N/A N/A N/A N/A
Loctite 3607/ Fast-curing 250,000 25-3.0@ 2,200~ 15
Loctite epoxy 400,000 22-8 N/A N/A 150°C 4,600 70 N/A 110 20x10 04
Loctite3609/ |  High-speed 160— g 15@ 2,200— 15
Loctite dispensing epoxy 2,000* 3.3-12 | 400-700 N/A 150°C 4,600 45 145 73 20x10 03
) ) . 125,000—
Loctite 3610/ Thixotropic ! 15@ 2,200— 15
Loctite epoxy (22205;([))%0) 3.3-12 | 400-700 N/A 150°C 4600 45 145 73 20x10 04

1Brookfield 10 rpm unless indicated; 1:10 rpm unless indicated; Time required to double viscosity; “Casson, 0.4-30 s unless indicated; "Haake Viscometer (30 s1); N/A -
not available Source: Compiled from suppliers’ technical data sheets. Contact suppliersfor specification values.

(cont'd.)




Table 5.1. (Cont'd.)

) Yield | ShdfLife Lap- CTE
. . Thixo- o Cure - Volume Thermal
Product Name/ Type Viscasity | oic Value A0°CI | sohedule Shear ppm/°C Jo | Resstivity | Conductivity
Supplier cpst Index (N/m? | Pot Life’, | @C Strength C ohm-am WimK
Casson) 25°C psi o1 s
) 1@ 150°C,
Loctite 3612/ | - ciringepoxy | 800,000 | 3 | 350-700 N/A 15@ 2100 1 5 | na | 155 | 18x 10 03
Loctite 2,900
125°C
Loctite 3614/ o 2530@ 2,100— 16
Loctite Fast-curing epoxy | 800,000 3 350-700 N/A 150°C 2,900 52 N/A 155 18x10 0.3
Loctite 3615/ . 2,000— 6 mos/ 15@ 2,175— 16
Loctite Fast-curing epoxy 10,000* N/A 200-600 N/A 150°C 3390 70 150 110 6.8 x 10 0.35
Loctite 3616/ " 15,000 15@ 1,900— 15
Loctite Fast-curing epoxy 65,000* N/A 300-600 N/A 150°C 2,600 86 N/A 140 46 %10 02
Loctite 3617/ . 15,000- 253@ 2,100- 15
Loctite Fast-curing epoxy 65,000° N/A 300-550 N/A 150°C 2900 81 N/A 140 18x10 03
Loctite 3618/ i 2,000— 15@ 2,200— 16
Loctite Fast-curing epoxy 10,000° N/A 300-550 N/A 150°C 2880 N/A N/A 110 6.5 x 10 03
Loctite 3619/ . 20,000- 10 mos/ 15@ 3,200— 15
Loctite Fast-curing epoxy 40,000 N/A 150-550 N/A 150°C 5000 60 120 50 12x10 N/A
: 2@ 150°C
Loctite 3621/ One-part, red, 500— 10 mos/ ’ 1,970- 15
Loctite fast-curing epoxy | 3,000 N/A | 130-380 1mo 3152(% 3,770 100 218 | 110 13x10 03
! Brookfield 10 rpm unlessindi cated; 2 1:10 rpm unlessindi cated; * time reguired to double viscosity;  Casson, 0.4-30 s unless indicated; ® Hazke Viscometer (30s2); N/A
— Not Available. Source: Compiled fromsuppliers technical data.sheets. Contact suppliersfor specification values.

(cont'd.)



Table 5.1. (Cont'd.)

. - CTE
. Yield Shelf Life Lap-
. . Thixo- o Cure ppm/°C Volume Ther mal
ProgL:Jct l_\lame/ Type VISCOSllty tropic Valug -40 .C/3 Schedule Shear ;I'g Resistivity | Conductivity
pplier cps Index? (N/m*, Pot Life’, min @°C Strength C ohm-cm W/m K
Casson) 25°C psi 261 a:
One-part, red
; 6 mos. 10@
g'\" TA-2 epoxy for 105,000 65 N/A (-10°C)/ 100°C/ 7,500 55 | 165 | 79 1x 10 N/A
ymet syringeor pin 1 mo 1@ 160°C
transfer

MA-120/ 6 mos.
Thermoset, - (5°C)/ 0@ :
Lord Chem. Silicone 122,500 N/A N/A > mos 125°C 450 N/A N/A 50 N/A N/A
Products (25°C)
CircuitSAFO
MA-420/ .

High shear- 2,100,000 9 mos 1-15 @ 15
Thermoset, L 121 N/A o o >2,000 45 140 70 9 x10 0.28
Lord Chem. thinning epoxy | (0.1 rpm) (25°C)/- 150°C
Products

Polyurethane
Uralane 7760/ | with thermally 3 mos 30 @ 14
V anti co conductive 410,000 N/A N/A /3hrs 100°C N/A 29 88 -63 29x10 0.69

filler

"Brookfield 10 rppm unless indicated; “1:10 rpm unless indicated; *Time required to double viscosity; N/A — Not Available; Source: Compiled from suppliers’ technical data

sheets. Contact suppliers for specifi cation values.
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Theelectrical propertiesof SMAsarequitegood. Volumeresistivities
aretypically above 1 x 10'* ohm-cm at room temperature in the dry state.
Althoughvolumeresistivitiesfor epoxiesusually dropto 10° ohm-cmunder
moist ambients, thisis not considered serious for most applications, espe-
cialy if theresistivitiesrecover ondrying.

51.2 Die and Substrate Attachment

Besides their usein SMT, other major applications for adhesives are
attachment of barediein single-chip packages, in hybrid microcircuitsand
in multichip modules, and attachment of substrates in packages. The
regquirements and properties for die- and substrate-attach adhesives have
already been treated in previous chapters. Thousands of part types and
circuit functions have been produced by the convenient and low-cost
assembly processes of attaching chip semiconductor devices and passive
chip devices and interconnecting them to high-density circuit substrates.
Hybrid and MCM packaging have improved military, space, and medical
electronicsin reducing weight and volumeandincreasing reliability. Some
applications in which die- and substrate-attach adhesives have been used
are shown in Figs. 5.5, 5.6, and 5.7. Examples and properties for some
commercialy availabledie- and substrate-attach adhesives, pasteand film,
aregivenin Table5.2.

51.3 Underfilling

Underfilling of flip-chip devices has become awidely used processto
assure that solder connections do not crack or open during thermal excur-
sions. The use of underfill adhesivesis especially necessary for attaching
flip-chip devices to plastic-laminate circuit boards because of the greater
CTE mismatch between solder and plastic compared with solder and
ceramic boards. Asarule, to assurereliability, aimost all flip-chip attached
devicesarenow underfilled. There arethree main underfilling approaches,
depending onthetypeof adhesive used. Adhesivetypesincludethosebased
on capillary flow, no-flow fluxing, and preforms. Other approaches are
under development to reduce the number of steps, increase throughput,
reduce cost and even obviate the use of underfill entirely.
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UL

Figure 5.5. Examples of multichip modules (MCM-D) in which die-attachment
adhesives were used. Top: Aluminum/polyimide interconnect on silicon substrate
in Kovar package. (Source: Rockwell Intl.) Bottom: Navy demonstrator module;
aluminum/polyimide interconnect on silicon substrate in aluminum nitride pack-
age. (Source: Hughes Aircraft.).[°I10
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Figure 5.6. Example of a ceramic multichip module (MCM-C) and a hybrid
microcircuit. Top: MCM-C fabricated from high-temperature cofired ceramic.
(Source: Honeywell Solid State Electronics Center.).l®l Bottom: Multilayer thick-
film hybrid microcircuit. (Source: R. Wayne Johnson, Auburn Univ.)
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Figure 5.7. Examples of laminate multichip modules (MCM-L).Top: Engine
controller module. (Source: R. Wayne Johnson, Auburn Univ.) Bottom: Engine
controller, array configuration. (Source: R. Wayne Johnson, Auburn Univ.)



Table 5.2. Properties of Some Die- and Substrate-Attach Adhesives

Shelf CTE .
Product Viscosit Thixo- Life Cure If/gs\s/v(tiﬂ Bond MOE ppm/°C T Volume g;ﬁrdm?! I:nom(;—
Name/ Type y tropic | (-40°C)/ u > Strength MPa -2 | Resistivity ndu Npu
* Schedul 300°C C
Supplier cps Index** | Pot Life ule (TGA) psi psi*** a a ohm-cm vf/')’r;t)(( |t|e§]
(25°C) 1 2 pp
Ablebond® 84-1| . crs
Silver-filled 8,000 5.6 1yr/ lhr@ 3,940 4 P
LMI SR4/ o 0.35 6,531 40 150 | 120 1x 10 25 Na’ 3,
Ablesiik Labs, | PO paste | (5mpm) | (05/5) | 18hrs 175°C (571,450) K1
Ablebond® 84-3| Insulative | 50,000 1y2 | 1hr@ 15
Ablestik Labs. | epoxy paste (5 rpm) - weeks 150°C 0.17 6,800 - 40 100 85 | 35x10 0.83 N/A
: . 30min @
Ablebond® Silver-filled -
L 14,000 29 1yr/ 150°C, 3,400 4 Na’, K7,
711 polyi mide smom) | ©055) |vaisle| somin@ | 03 138 | 493120 | 41 N/A | 240 | 13x10 20 oF <5
Ablestik Labs. paste
275°C
) . 30min
® Silver-filled, 5,400 (2
gxg)gg%m themoplasic/ | 9300 | 56 | 1yn | TRO [ o fx2mm | 4100 | o 2o | a1 | soxiod | a0 | CTNE
) thermoset (5mpm) | (05/5) | 24hrs - - S dieon | (594,656) ’ 2,K*ND
Ablestik Labs. blend 60 min @ Ag/Cu)
175°C
Abletherm® ) Na*" 20,
5020K/ ;”S”'aﬂl"n‘i . . eln%zs i;% 03 >3000 N/A 45 | 270 | 100 | 8x 10 07 Cl 60,
Ablesiik Lebs. | Y K'1
Ableilm® ECF | o\ o _
571/ Se"’er'ff'i'llrid - - 418{;/ s 451%0%@ 016 | 1,750 - 45 | 200 | 142 | 20x10* | 67 N/A
Ablesiik Lebs. | POV
*10 rpm and 25°C unless indi cated; **10:1 unless indicated; ***Generally at 25°C; N/A — not available; ND — none detected. Source: Suppliers’ technical data sheets.
Contact suppliersfor specification values

(cont'd.)



Table 5.2. (Cont'd.)

Shelf CTE )
: : % Wt Thermal lonic
Product o Thixo- Life Bond MOE ppm/°C Volume )
Name/ Type Viscosity tropic | (-40°C)/ Cure Losso@ Strength MPa ;I'g Resistivity anduc Ir_'npur—
* Schedul 300°C C tivit t
Supplier cps Index** | Pot Life ule (TGA) psi psi*** o o ohm-cm W/mé . IenS1’
(25°C) pp
ME 8412A/ Silver-filled 96,600 15min @ "
Al Technology | epoxy paste | (05 rpm) N/A Lyr/- 150°C N/A >1, 600 N/A N/A | N/A | N/A | <4.0x 10 80 N/A
ME 8555/ Silver-filled 94,000 2hrs@ "
Al Technology | epoxy paste | (05 rpm) N/A Lyr/- 150°C N/A >800 N/A N/A | N/A | N/A | <4.0x 10 80 N/A
) ) clI 9
ME 8418-DA/ | Silver-filled 18,000 42 5,692 4 L
Al Technology | epoxy paste (5 pm) (05/5) N/A N/A N/A N/A (825,556) N/A | N/A | 80 4.0x 10 36 |,<\l*aN:|33’
® Aluminum 300°C—
Staystik™ 211/ nitride o 2,561 180—
Cookson thermoplastic N/A N/A N/A 03_7150 ESI N/A >3,500 (371.442) N/A | N/A 185 >1.0x 10° | 3035 N/A
€poxy
L® Silver-filled 160°C—
gzstsg(n 181/ tha‘l’T‘OplaﬂiC N/A N/A N/A 275°C, N/A >2 500 (35::[5512) N/A | N/A ]:-1.88%_ <5.0 x 10-4 30-35 N/A
epoxy (0-10psi) '
® 3-5min @
Staystik- 611/ |Insulativefilm 300°C- 2484 180—
Cookson achesive N/A N/A N/A 375°C N/A >3,000 (360.274) N/A | N/A 185 >1x 10 | 3035 N/A
(0-10 psi)

*10 rpm and 25°C unlessindicated; **10:1 unless indicated; ***Generally at 25°C; N/A — not avai lable; ND — none detected. Source: Suppliers’ technical data sheets.
Contact suppliersfor specification values

(cont'd.)



Table 5.2. (Cont'd.)

Shelf

CTE

. b % Wt Thermal lonic
Product - Thixo- | Life Bond MOE ppm/°C Volume
Name/ Type Viscosity tropic | (-40°C)/ ﬁ:;el LOS?,@ Strength MPa ;I'g Resistivity C(_)n_duc- ! mpur-
Supplier cps* Index** | Pot Life Schedule | 300°C psi psi*** ¢ ohm-cm tivity, ities,
(25°C) (TGA) a; az W/m-K ppm
L ® Silver-filled, 125°C—
gaglf“k 7V | jowstress | N/A NA | NA | 200°c, | N/A | >1,800 (6]‘.12921) N/A | N/A | 25 |<50x10%| 3035 | N/A
00KSON paste (0-10psi) '
Hysol KO Silver-filled 7,000 9mos/3 | <10 min @ 7,000 4 Na, K*<1,
110/Loctite epoxy page | (5rpm) 45 days 165°C NA 6,600 (1.01 x 10°) 78 | NIA | 57 2x10 35 Cl<1
Hysol Silver-filled ' Na', K*
11,400 55 12mos/ | 10min @ 0.2% 7,584 ;
QMI 30V Ccyanate ester ’ N : 5,280 ’ 45 85 | 245 N/A 19 <20
Cociite peste (5mm) | (05/5) | 16hrs | 150°C | (350°C) (1.1 x 109 oF <20
Hysol Silver-filled Na', K*
- - 12,000 45 12mos/ | 10secs @ 940 3
QMI 505-6/ bismaleimide ’ o 0.5% 293 53 | 165 | -30 1x10 44 <10
Coctite pecte (5mpm) | (05/5) |=24hrs| 200°C (136,336) o <10
Hysol Silver-filled 12 mos ! Na', K*
QMI4030LD/ | themoplastic | 32,500 &_12‘3) (N/A)/ 3012’('):‘(:@ <0.5% 624 (12{316?32) 28 | NIA | 15 | 4x10° 15 <20
Loctite paste ’ N/A ! Cl',<20
Na', K*
Hysol — 12 mos 11,500 ;
QM| 3555R/ S 'Vegsgass 40,000 (19_5’0) (N/AY | Profile | N/A N/A (167x | 16 | N/A | 150 | <15x 10® | >80 CSI' 121
Loctite P : N/A 10% o

*10 rpm and 25°C unlessindi cated; **10:1 unless indicated; *** Generdly & 25°C; N/A —not available; ND — none detected. Source: Suppliers’ technical data sheets
Contact suppliersfor specification values.

(cont'd.)



Table 5.2. (Cont'd.)

Shelf

%

CTE

. . : Thermal lonic

Product o Thixo- Life Weight | Bond MOE ppm/°C Volume }

Name/ Type V'icgf'ty tropic | (40°C)/ Sc(rig[rjﬁle Loss@ | Strength MPa ;rg Resistivity Coir\1/?tuct ! r:;?elfsr .
Supplier P Index** | Pot Life 300°C psi psi*** a a ochm-cm Wi BI./TK m
(25°C) (TGA) o m PP
Epo-Tek® 2200— 5min @
H20E/ Siverdfilled | 3500 | >30 [ 1Y/ [180°Cand | g65 | 53400 | 23% | 45 | 160 | 85 [ 50x10% [ 20 N/A
Epoxy epoxy paste (100 rpm) 4days | 1min@ (773922)
Technology P 180°C
Silver-filled ' 10,000 Na", K*
JMI 7000/ 6,000— 12mog/ | 30min@ 0.2 ’ 3 11 A
- cyanate ester . 30 o B >2,500 (1.45x% 33 | N/A | 240 2x10 o ClF
Ablestik Labs. paste 9,000 8hrs 300°C | (340°C) 10°) (90°C) <10
Silver-filled .

EN-4900F-1/ 100,000 51 60min @ 350 3
Hitachi ag{)gta;e (05) (05/5) N/A 150°C N/A 2,124 (50,763) N/A| NA| 19 | 40x10 20 N/A
EN-4600B/ Low-stress 56,000 48 60 min @ 3,500
Ritachi epoxy paste (05) (05/5) N/A 150°C N/A 7,506 (507.633) N/A | NJA | 44 N/A 15 N/A
EN-4520K/ Silver-filled | 113,000 58 60min @ 4,800
Hitach epoxy paste | (05) ©05/5) N/A 180°C N/A 1,620 (696.182) N/A | N/A | 64 N/A 10 N/A

*10 rpm and 25°C unlessindicated; **10:1 unless indicated; ***Generally at 25°C; N/A — not available; Source: Suppliers’ technical data sheets. Contact suppliersfor
specification values.

(cont'd.)



Table 5.2. (Cont'd.)

Shelf % CTE Thermal | lonic
Product Viscosit Thixo- Life cur Weight | Bond MOE ppm/°C T Volume conduct- | 1mour-
Name/ Type scosity tropic | (40°C)/ ure Loss@ | Strength M Pa -3 | Resistivity L npu
. cps* ; Schedule N . . (o ivity ities
Supplier Index** | Pot Life 300°C psi psi*** a a ohm-cm W/mK m
(25°C) (TGA) ! 2 PP
MD-110/
Thermosst, Silver-filled | 100,000— 1yr/ 30mn@ 4
Lord Chem. epoxy paste | 190,000 N/A 14 days 130°C N/A 5,600 N/A 56 | NJA | 60 | 80x10 N/A N/A
Products
MD-140/
Thermoset, Silver-filled 1yr/ 3-56 min@ 5
Lord Cham. epoxy pase 30,000 N/A 72hrs 150°C N/A 7,000 N/A 32 | NJA| 80 | 9.0x10 N/A N/A
Products
Epibond® Silver-filled 1yr/ 1hr@ 4
7002/ anti co epoxy pase 350,000 N/A <48 hrs 165°C 0.09 >1,720 N/A 50 140 | 145 | 20x 10 1.7 N/A
. Alumina-
Epibond® / 1yr/ 1hr@ 15
7200V antico f|||e§ ago;oxy 17,000 N/A <48 hrs 165°C 0.04 >3,550 N/A 30 96 | 145 | 39x10 067 N/A

*10 rpm and 25°C unlessindi cated; **10:1 unless indicated; ***Generdly at 25°C; N/A — not available; Source: Suppliers’ technical data sheets. Contact suppliersfor
specification values.
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Capillary-flow underfill adhesives. It is common practice today to
underfill all fli p-chip devicesafter they havebeen attached and thesolder has
beenreflowed. Capillary-flow underfilling isthe method most widely used
(seeCh. 4) (Fig. 5.8). Besidesflip-chipdevices, capillary-flow adhesivesare
also used for chip-scale and BGA packages, but the solder balls of these
packages are often larger than for flip-chip devices, hence solder fatigueis
generally lessof anissue. Although advanceshave been madein automated
dispensing (heedleandjetting), andin adhesiveformulations, theadditional
processstepsand cost of underfilling areissuesin high-volume production.
Thus, alternate methods are continuously being investigated to reduce
process steps and cost.

Place Die
| Sicon Chip |
|
T Hellow
| Saicon CAip |
I I
Tip I Dispensa Underdill
' I Cabeon Chip |
l Form Fillet

i Silicon Chip i
l Cure
| Silicon Chip i

Figure 5.8. Capillary-flow underfill process steps.[*!]
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Intheapplicationof capillary-flow underfills, therearesomany material ,
process, and equipment variabl esthat empirical methodsarewidely usedto
establish the optimum processing conditions. Theviscosity and flow prop-
erties of underfill adhesives are among the most important variables in
rapidly filling different gap sizesand devices. A list of some commercially
availableunderfill adhesivesand their flow properties, asrelatedtodiesize
and gap height, isgivenin Table5.3.

No-flow under fill adhesives. Inadditionto capillary-flow underfilling,
anew approach to underfilling has been devel oped whereby the underfill
material isapplied before attaching the flip-chip or BGA device. Specially
formulated adhesives, known as no-flow underfills (NFU) or no-flow
fluxing underfills (NFFUF) do not requirethetedious and time-consuming
step of having to be dispensed precisely around the sides of a device and
having to flow under an already sol der-attached device. NFUsarebasically
polymer paste adhesives such as epoxies or modified epoxiesthat contain
afluxing ingredient that assists in making the solder connections during
reflow. Whereascapillary-flow underfill sarebased on conventional bisphe-
nol-A epoxies cured with amines or on cyanate esters, NFUs consist of
epoxy resinscured withanhydridesand may contain carboxylicesters. Also,
unlikecapillary-flow underfills, someof whicharehighly filled (30%—60%
by weight to reduce CTESs), NFUs are either unfilled or filled to less than
50% sincefiller particlesinterfere or prevent electrical contact.[*?]

Inprocessing, theNFU adhesiveissqueezed out around thesolder balls
during placement, allowing the solder balls to directly contact the PWB
bonding padsand makegood el ectrical connectionsduring solder reflowing
(Fig. 5.9). A key advantage of NFUs is the simultaneous reflowing of the
solder and curing of theadhesive, thusreducing thenumber of processsteps.
Typica reflow conditions are 220°C-230°C for 4-6 minutes. However,
someNFUscureonly partially during solder reflowing and must befollowed
by an additional post-cure step, usually one hour at 150°C-160°C.

Once cured, the properties of NFUs are similar to those of capillary-
flow underfills. One major difference is that the no-flow materials are
generally unfilledand, asaresult, their expansion coefficientsarehigher than
those of their filled counterparts. However, their lower moduli more than
compensate for the mismatchesin expansion coefficients. NFU adhesives
have shorter shelf livesthan capillary-flow types because of theincorpora-
tion of the fluxing agent into the adhesive formulation. Table 5.4 is a
compilationof underfillsandtheir propertieswhile Table5.5listsexamples
of capillary flow and no-flow underfillsand their applications.
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Table 5.3. Flow Properties of Some Underfill Adhesives

285

Min. Gap, .
. Max. | igmax, | Viscosityt | FOwTime
Supplier Product _Flller Flow Distance cps Sec
Size, um (mm) (conditions)
Abl€fill®
IM 88062 25 3/38 4,000-8,000 NA
AbI€fill® <60 (500
UF , 10 1/38 6,000-9,000 | mils, 1-mil
8802B gap, 95°C)
Ablestik
Ablefill® 20 (500 mils,
UF 88'072 50 10/NA 8,000-13,000 | 13-mil gap,
100°C)
Abl€fill®
IM 88012 NA 3/10 6,000 NA
. o <25 (500
S| NA 0525 1,500-3,000 | mils 2-mil
gap, 100°C)
L o <15 (500
Cookson Stag’ocg‘(')p NA 1/25 3,300 mils, 1-mil
gap, 100°C)
- 40 (750 mils,
3?’5;? NA NA 3,000 1-mil gap,
100°C)
2,600 20 (500 mils,
FP 4544 5 1/ >50 (20 rpm) 1-mil gap)
10,000 30 (3-mil
FP 4531 24 3/40 (20'rpm) 6ap, 95°C)
3,000 20 (3-mil
FP 4530 5 1/40 (20 rpm) 6ap, 95°C)
FP 4526 27 3/40 4,700 45 (S‘STE:')
Loctite gap,
15 (500 miils,
FP 4549 5 0.5/ >50 (2%'::02]) 3-mil gap,
P 95°C)
35 (500 mils,
FP 4511 10 1/30 é‘g ?ﬁ) 3-mil gap,
P 90°C)
Loctite 5,200-16,000
3560 50 3INA (20 rpm) NA
110 rpm @ 25°C unless indicated; Former Honeywell and Johnson Matthey products;
NA - Not Available. Source: Suppliers’ technical data sheets.

(cont'd.)
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Table 5.3. (Cont'd.)

Max. er?]'iglap’ Viscosity! Flow Time,
Supplier Product Filler y sec
Size, um Max. Flow cps (conditions)
H Distance (mm)
Loctite 7,500-18,000
3561 40 3/15 (20 rpm) NA
<48
Loctite (500 mils,
3563 10 1/15 5,000-12,000 1-mil gap.
100°C)
Lodite Loctite 30,000 (533051”
3565 10 115 60,000 1-mil gap,
100°C)
<30
Loctite (500 mils,
3567 20 1/15 6,000-16,000 1-mil gap,
100°C)
. 45 (394 mil,
ATE‘;‘@ NA 115 (157;0?710) 7-mil gap,
p 100°C)
. 9 (394 mil
Amicon® 20,000 X ’
Cuming 100°C)
Amicon® 6,000
E1216 NA NA/20-25 (5rpm) NA
Ablebond®
77375 NA 1/20-25 5,000 NA
15,000
X12131 10 2/25 (50 rpm) NA
X6-82-5 10 0.5/25 20,000 NA
3,000
X6-82- 10 0.5/25 (10 rpm, NA
5LV 65°C)
Zymet
3,000
X6-82-8 10 0.5/25 (20 rpm, NA
65°C)
28 (18 mm,
X13563 NA 0.5/38 7,250 3-mil gap,
90°C)
110rpm @ 25°C unlessindicated; NA — Not Available. Source: Suppliers technical
data sheets.
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Tip
Apply Underdill
l Flace e
‘ Silicon Chip ‘
l Reflow and Cure
| Silicon Chip '
l Postoure

‘ Silicon Chip '

Figure 5.9. No-flow underfill process sequence. 1!



Table 5.4. Examples of Underfill Adhesives and Properties

Shelf Life CTE Themal | Moisture| lonic
Product - o Bond MOE - Volume
Name/ Description V|sco§|ty (40°C)/ Cure Strength| MPa ppm/°C % Resistivity Conduc- | Absorp- | Impur-
supplier cps Pot Life Schedule ps psi** ohm-am tivity tion ities
pp (25°C) o | W/mK % ppm

. Silicafilled ;
Staychip” ' . Na <2
3082/ o a0 | © mk?S/ 0mMin@ | gnerq [ 4800 g | 1m |125438|  NA N/A <1 K* <2,
Cookson anné/ rf|'”e 32hrs 165°C (696,182) C <10

unaeTi
Silicailled,

. epoxy- N
Staychip” 4 . Na' <2
3083 anhydride | 5, 59 | 6 mos AOmMn@ | 5759 | 6800 | o5 | 133 | gees N/A N/A <1 K* <2,
Cookson underfill 18hrs 165°C (986,258) CI <10

(rubber
modified)

. High
&a/cmp® A .

3000/ 'e""’.‘ﬁ iy 1 5100 | © mk?S/ 1Bmn@ | s 3480 | 35 | 130| 99 N/A N/A N/A N/A
Cookson capillary 12 hrs 165°C (504,732)

undexfill

Staychip® Silicon . Na' <1
3100/ dioxide-filled | 12,000 ?g}i’i 601ng@ 12,118 (869553036) 35 | 150 |114-126| N/A N/A 114 | K* <1,
Cookson epoxy ! Cl'<1
Staychip® Silicon . Na' <2
3103/ dioxidefilled | 15000 | MY 401gj‘c@ 10502 | 2% | 37 | 136 |103-106 NiA N/A <096 | K'<2,
Cookson epoxy rs (797.709) ClI'<10

*Brookfield @ 10 rpm and 25°C unless indicated; **Generally at 25°C; N/A —Not Available. Source: Compiled from suppliers’ technical data sheets. Contact suppliersfor
specification values.

(cont'd.)



Table 5.4. (Cont'd.)

Shelf Life CTE Thermal | Moisture| lonic
Product . . o Bond MOE S Volume
Name/ Description Viscosity | (-40°C)/ Cure Strength|  MPa ppm/°C ;I'g Resistivity Conduc- | Absorp- f Impur-
Supplier cps* Pot Life Schedule psi psi** C ohm-cm tivity tion ities
pp (25°C) a, | o, W/mK % ppm
Epoxy-
anhydride Na“ <1
NUF 2078E/ } 500-1,500( 6 mos/ PCB solder 1,800 +
Cookson underfill (N/A) 241rs reflow profiles N/A (261,068) 65 222 130 N/A N/A 0.855 K _<1,
(rubber CI'<1
modified)
FP 4549/ Fast-flow 2,300 9 mog/ 30mn@ 5,600 6 Na' 2,
Loctiter** underfill | (20rpm) | 24hrs 165oc | 1100 [ (g12213) | 45 | 13| 140 | 41x10 06 10 cr3
30mn@
FP 4544/ 2,600 9 mos/ 110°C and 30 5,600 Na' <5,
Loctite Epoxy | (20rpm) | 48hrs mn@ | 7% | (g2213) [ 4 | M| 5 N/A N/A NIA- | cr <10
165°C
30,000- ! Na’ <10,
FP 3568/ y N/A/ 30min @ 733 14 N !
h Epoxy 200,000 N 1,500 40 145 70 1x 10 >0.25 <2 Cl" <10,
Loctite (5s6c) 30hrs 150°C (106,313) K* <10
FP 3595/ Epox 10,000 | N/A/ Smin@ | gon | 2088 f 24 | 110 116 | 12x10° 06 N/A gi;t’
Loctiter** POXY | 2orpm) | N/A 160°C i (297,763) : o
15min @
FP 4527/ 12000 | 9mos 165°C 5500 Na' 5
: Epoxy ' (hot plate), 30 | 10,000 . 26 | 87 140 N/A N/A 15 iy
Loctite (10 rpm) 48 hrs min @ 165°C (797,709) CI'5
(oven)

*Brookfield @ 10 rpm and 25°C unless indi cated; ** Generally a 25°C; *** Now Henke Loctite, N/A —Not Available. Source: Conmpiled fromsuppliers’ technical data
sheets. Contact suppliersfor specification values

(cont’'d.)



Table 5.4. (Cont'd.)

ShdfLife Thermal | Moisture| lonic
Product N " Bond MOE CTE Volume
Name/ Decription Vlsco*sty (-40°Cy/ Cure Strength|  MPa ppm/°C To | Regstivity Conduc- | Absorp- | Impur-
Supplier cps Pot Life Schedule psi psi** C ohm-cm tivity tion ities
(25°C) ay s W/m-K % ppm
Flux-fillO 2000/ 6mos/ | Solder reflow 2,500 Na' 5,
Loctite Epoxy N/A WA orofile 90 | s | 75 | VA | 15 N/A N/A N/A or 10
Ablebond® ! Na <5,
77379 Emerson | Epoxy 5’\*%0 12?4”;]?:’ 33?0'0“(:@ N/A 6;“'17 3%7 27 | 100 | 105 |14x10%| o045 <10 | K <5,
& Cuming (N/A) (694,877) CI' <10
Amicon® 1172/ ) Cl <35
Emerson & Epoxy (157'0% gg‘oss’ Glnggj é@ N/A N/A 27 | na | 13 N/A N/A <15 |Na“ <15
Cuming P & K" <10
) . Na"
Ablfill® UF Cyanae | 17,000 | 12mos/ 30min@ 10,700 '
8807/Ablestik Eser | (5mpm) | 8hrs 165°C NA | aex109| 22 | 80 | 13 N/A 06 N/A o s
) ! Na"
Abl fill® 8806/ Cyanae 4,000 12 mos/ AOMn@ 8,700 16 ol
Ablestik Eser | (5mpm) | 24hs e | 00 | axaon | 0 75| 14| 1x10 N/A NA K S
Ablfill® 6,000— ! Na', K',
8802-B/ CyE;“ear‘e 9,000 1224’?1?:/ 901?;[‘(:@ N/A (>110;9286) 31 | 84| 14 N/A N/A N/A ar,
Ablestik (5 rpm) F <15
R Na,
Ableill® 8801/ | Cyanae 6000 | 12mos | 90mn@ 10,000 16 K*<1,
Ablestik Eser | (5mpm) | 24hrs 165°C NIA | s1x109 | 25| 88 | 146 | 1x10 NIA N/A F,
Cl'<15
Amicon® ) Cl <20
1330/Emerson Epoxy 152)0'0210 N/A reng\Z'zaJde N/A N/A 9 |NA| o5 N/A N/A < | Na K
& Cuming (5 mm) 4 <10
*Brookfield @ 10 rpm and 25°C unless indicated; **Generally at 25°C; N/A — Not Available. Source: Compiled fromsuppliers' technical data sheets. Contact suppliers for
specification val ues.

(cont'd.)




Table 5.4. (Cont'd.)

Product Shelf Life Bond MOE CTE Volume Thermal | Moisture| lonic

Name/ Descrintion Viscosity | (-40°C)/ Cure Strength MPa ppm/°C Ty Resigtivi Conduc- | Absorp- | Impur-

Sunplier p cps* Pot Life Schedule sig G °C ohm-cmty tivity tion ities

PP (25°C) P P a | @ W/mK % ppm
Amicon® ' Cl <20
1355/Emerson Epoxy (650'0% nA | eﬂT&’E' Eajde N/A N/A 85 | NA | 115 N/A N/A <2 | Na K

& Cuming P 4 <10

. 520 min @ Na', <20,
tg :: 3560 Epoxy ég,?oo) N/A 70°Cplus | NA N/A 27 | Nia | >150 |634x10%| 05 N/A | K* <20,

pm 3hrs@ 150°C <20

) Na', <20
Loctite 3561/ 8,500 o 3,960 15 ) ’
Loctite Epoxy (20 rpm) NA - |2hrs@150°C| NIA | (oo e | <27 | NIA | >150 | 6010 N/A N/A lél‘<<12%
Loctite 3562/ 49,000 Nal,

! Epoxy ' N/Af3days| 1hr @165°C | N/A N/A <5 | NIA | >150 | 8.1 x10% N/A N/A | K*<15,
Loctite (20 rpm) cl <20
Loctite 3563/ 8,000 . R 2,846 15
Loctite Epoxy (20 rpm) -[24 hours |5min @ 165°C| N/A (413.062) 35 | 110 130 1.0 x10 0.38 <0.5 N/A

) } Na"
Loctite 3564/ 3,000 : 20mn@ 3,202 16 +_a
Loctite Epoxy (5'pm) 3mos/ 150°C 1,700 (464.412) 35 [ 177 | 125 | 19x10 03 <1 (|:<I j'o

i } Na’

L octite 3565/ 45,000 30mn@ 3447 15 .
Loctite Epoxy (20 rpm) 150°C 2,000 (500,000) 25 80 155 19 x10 048 <0.25 c|:<I Z:Ii,o
Loctite 3566/ 2068 15 Na',

: Epoxy 4,500 3mos/- |[5min @ 165°C| 2,000 50 | 120 135 1-10 0.25 0.65 K" <1
Loctite (300,000) aIF <25
*Brookfield @ 10 rpm and 25°C unless indi cated; ** Generally a 25°C; N/A — Not Available. Source: Conpiled fromsuppliers’ technical data sheets. Contact suppliersfor
specification values.

(cont'd.) ©



Table 5.4. (Cont'd.)

Shelf Life CTE Thermal | Moisture| lonic
Product P o Bond MOE " Volume
Name/ Description Viscosity | (-40°C)/ Cure Strength Mpa ppm/°C OT‘J Resistivity Conduc- | Absorp- | Impur-
Supplier cps* Pot Life Schedule S i C ohm-cm tivity tion ities
PP (25°C) P P a; | a W/m-K % ppm
. 11,000 Na', K*
I[ﬁ: e 3567/ Epoxy | (10rpm) | 3mos- |5min@ 165°C| 1566 (1%21(1)20) 65 | 190 | 94 N/A N/A NA | <10
(68°C) ' Cl" <200
4-6 mos | Temp. plateau
UF-3400/ 19x10° | (24°C)/ | 135-165°C, 2,200 2
3M Co. Epoxy (1sec) | 8hrs@ remp to 9,509 (319.084) 55 | 157 | >150 |>5.0x 10" 023 38 N/A
50°C reflow temp.
15min @ Na" K*
;}fﬁ;‘r’/ Epoxy ?:é?g()) N/A 150°C N/A (5;;1&? 2(5’2) 31 | NJA | 120 N/A N/A N/A <5
5min @ 165°C ’ ClI'<20
15min @ Na" <5
élﬂjﬂ Epoxy (205'?0% N/A 150°C N/A N/A 42 | NA | 120 | 1x10% N/A NA | K'<5
Y s 5 min @ 165°C cr <20
15min@ Na',
;Cr’nleltso‘l’ Epoxy (111;0?8 g zmé 150°C N/A (53&?222) 31 | NA | 120 1x 10" N/A N/A K*<5
Y P VS 5 min @ 165°C ' cr <20
FImFill . 30min @
FF7673/ Q“aeftz‘f'”ed N/A N/A | 150°Cplus | 2000 | N/A 2 | N/A | 170 >104 071 NA | NA
Al Technology PoXy 3-5ps
RImFill Alumina-filled 30min @
FF7675/ u o & N/A N/A 150°C, plus | 2,000 N/A 28 | N/A | 170 >10M 14 N/A N/A
Al Technology poxXy 3-5psi

*Brookfield @ 10 rpm and 25°C, unless indicated; **Generally at 25°C; N/A —Not Available Source: Conpiled fromsuppliers' technical data sheets. Contact suppliers
for specification values.




Table 5.5. Examples of Capillary-flow and No-flow Underfill Adhesives and Applications

Adhesive/ Tvpe Gap Size, Substrateor Dispensin Application
Supplier yp mil Surface Type » 9 pp
@ Moisture-resistant . Dispense (22-25
ﬁg: glllk JM8g06/ Cyanate ester 3 Scjg;agt'; gauge needle) ' Flip-chip
(silicafilled) capillary underfill
G Moisture resistant .
Ablef'l.l UF880H/ Cyanate ester 1 Ceramic N/A Fine pitch and small gap flip-chip
Ablestik (silicafilled) substrates
@ Moisture-resistant . Flip-chip requiring improved
gg(ggfélll o Cyanate ester 1 Ceramics, silicon Dgliggsr?egig)zs thermal-cycling performance;

. silicafilled, no ’ . " absence of pigmentation
Ablestik pigment) capillary underfill eliminates frequency interference
Ablefill® UF 8807/ Moisture-resistant Plastic, ceramic, Dispense, capillary CSP or BGA packages and high-

. Cyanate ester 10 and PWB - L
Ablestik (silicafilled) laminates underfill density interconnect substrates

L ® Moisture-resistant Plastic, ceramic, Dispense (2225 Underfill for lead-free
Ablefill™® UF 8822/ : . S
Ablestik Cyanate ester N/A FR-4, polyimide, gauge needle), interconnects; die sizes over

(silicafilled) and Rigid BT capillary underfill 10-mm square (self filleting)
Ablefill® UE 8826/ Moisture-resistant Plastic, ceramic, Dispense (2225 Underfill for lead-free
Ablestik cyanate ester N/A FR-4, polyimide, gauge needle), interconnects; die sizes over

(silicafilled) and Rigid BT capillary underfill 20-mm square (self filleting)

N/A — Not Available. Source: Compiled from suppliers’ technical data sheets.

(cont'd.)



Table 5.5. (Cont'd.)

Adhesive/ Tvpe Gap Size, Substrate or Dispensin Application

Supplier yp mil Surface Type » 9 PP
Ablefill® Moisture-resistant Plastic, ceramic, Dispense (2225 I . )
UF8806L P/ cyanate ester 1-3 FR-4, polyimide, gauge needle), Al ph&eﬂl‘? Onlisg;tsi'c:'nvse fine-
Ablestik (silicafilled) and Rigid BT capillary underfill pich app

® . . i Flip-chip assemblies requiring

Ablebond 7737/ High-purity, low- Laminates and Dispense, (21 gauge low-stress materials for improved
Emerson & . 1 ceramic or larger) capillary ) .
Cumin modulus underfill substrates underfill thermal cycling. Self filleting

9 except for very large die.
Staychip® 3100/ High-Tg, aromatic- Ceramic, Dispense, capillary Flip-chip in package or flip-chip
Cookson amine cured epoxy <t laminates underfill on board

(silicafilled)

. ® Moderate T, . . . . . . .
Staychip™ 3103/ aromatic-amine- cured <1 Cer_amlc, Dispense, cgplllary Flip-chip in package or flip-chip
Cookson e laminates underfill on board (low-stress)

epoxy (silicafilled)
Staychip® 3105/ Low T, aromatic- <1 Silicon, ceramic, Dispense, capillary Flip-chip in package or flip-chip
Cookson amine cured epoxy laminates underfill on board (low-stress, large di€)
Staychip® 2078E/ Epoxy anhydride, N/A Ceramics, Automatic dispenseor | Areaarray on PWBs using solder-
Cookson fluxing underfill laminates stencil reflow cycle for underfill curing
Staychip® 3090/ Amine-cured epoxy N/A Ceramics, Dispense, capillary Flip-chip in package or flip-chip
Cookson underfill laminates underfill on board
Loctite 3560/ Silicon, ceramics, Dispense, capillary Flip-chip underfill in chip carriers
Loctite Flowable epoxy 3 laminates underfill and chip-on-board laminates

N/A — Not Available. Source: Compiled from suppliers’ technical data sheets.

(cont'd.)




Table 5.5. (Cont'd.)

Adhesive/

Gap Size,

Substrateor

Supplier Type mil Surface Type Dispensing Application
. . o . Bare chip protection in chip on
tgg::z 3561/ Hi gh-pug)t(y liquid 1 (I:a?":]?nmaltt(iess Automated dispensing board, MCMs, BGAS,
eoxy and pin-grid arrays.
Loctite 3562/ . . Ceramics, Dispense, capillary . ) i
Loctite High-purity epoxy 3 laminate underfill Flip-chip undefill
. Rapid-cure, fast-flow, . . Flip-chip underfill in bare-chip
tgg::g 3563/ capillary epoxy 1 Ceramics D'Spel?nsgé;?ﬁ' llary protection (memory cards, chip
underfill carriers, hybridsand MCMs)
Loctite 3564/ Fast flowing, liquid 1 Silicon, ceramics, Dispense, capillary Sgﬁg{:g’&ﬁﬂ:;gﬂgiﬂ:g
Loctite epoxy underfill laminates underfill carriers, hybrids and MCMS)
L octite 3566/ Rapid curing, fast Silicon, ceramics, Dispense, capillary Unfilled meterial required for bare
Loctite flowing epoxy 05 laminates underfill chip protection
underfill (advanced packaging).
Loctite 3567/ Epoxy liquid underfill, 1 Silicon, ceramics, Dispense, capillary Flip-chip (polyamide passivation),
Loctite mineral filled laminates underfill BGA and CSP
Loctite 3568/ Epoxy liquid underfill, L i‘;‘;";} ”'tggg’ Dispense, capillary | Flip-chip (polyamide passivation),
Loctite mineral filled Iamin?tes underfill BGA, uBGA, and CSP

N/A — Not Available. Source: Ccompiled fromsuppliers' technical data sheets.

(cont'd.)



Table 5.5. (Cont'd.)

Adhesive/ Tvpe Gap Size, Substrate or Dispensin Application
Supplier yp mil Surface Type » 9 PP
Chip-scale packages requiring
Loctite 3593/ ’ . Ceramics, Dispense, capillary improved thermal
Loctite Snap-cure underfill 1 laminates underfill cycling and mechanicd-shock
protection.

a;f‘/"a'ﬁfgns Flip-chip-on-board using SMT
Loctite 3594/ Fluxing (no-flow) NA ngk s e’r Automated pattern reflow profiles. Suitable for high-
Loctite underfill 0 e:-ni(?kp el-’ dispense frequency applications

PP (¢ 02.9 a 100 kH2).

gold
Ceramic, solder

FP4526/ Fast-flow, epoxy 3 masks and Automated, 22-gauge Flip-chip-on-board
Loctite underfill P needle

polyimide
FPA530/ Snap cure, fast-flow 1 N/A Automated Flip-chip underfil
Loctite underfill
FP45_31/ Fast-flow underfill 1 N/A Automated di pensing Flip-chip applications requiring
Loctite (21-gauge needle) snap cure.

. . Low-modulus, low-stress underfill

FP6100/ Unfilled, flexible- . ' L
Loctite epoxy underfill 1 Laminates N/A for CSP and BGA applications

requiring reworkability

*QOrganic solderability preservaive; N/A — Not Available; NA — Not Applicable. Source: Compiled from suppliers’ technical data sheets.

(cont'd.)




Table 5.5. (Cont'd.)

Adhesive/ Gap Size, Substrate or . . A
supplier Type mil Surface Type Dispensing Application
CSP (ceramic),
FCOB (silicon
FluxFill 2000/ uﬁggrlf(i):llvy(\f/lgl)((:g% Not wn;nrzjs\,/gl_on) Dispense, 18-gauge Fluxing CSP or flip-chip on
Loctite reflow) applicable copper, copper- needle @ 10 psi board (volcano cycle)
nickel-gold, and
PWBs
CSP (ceramic),
No-flow, fluxin FCOB (silicon
FluxFill 2200/ underfill, (solde? Not with passvation), Dispense, 18-gauge Fluxing CSP or flip-chip on
Loctite applicable | OSP and copper- needle @ 10 psi board (solder-reflow cycle)
reflow) ;
nickel-gold and
PWBs
Amicon® E 1216/ Snap-cure, non-
Emerson & anhydr!de chemistry, S5 mil Ceramlc_, plastic, | Automated dispensing Flip-Chip, CSP, and BGA
Cumi capillary-flow laminate (21-gauge needle)
uming .
underfill
Amicon® E 1172/ Fast-flow, non- ! . .
Emerson & anhydride capillary- >1 mil L aminates Automated dispensing CSP, BGA, and Flip-chip on
; ) (21-gauge needle) board
Cuming flow underfill

*QOrganic solderability perservative; N/A — Not Available. Source: Compiled from suppliers technical data sheets.

(cont'd.)



Table 5.5. (Cont'd.)

€poxy resin

to PWBs (tin/lead
eutectic solder
bumped devices)

(22- gauge needle)

Adhesive/ Gap Size, Substrate or . . N
Supplier Type mil Surface Type Dispensing Application
Flip-chip, CSP, BGA; modest
Amicon® . post-reflow cure (offline)
E1330LV/ ﬁﬂg:;edugge?fﬂvlv Not Nickel-gold and Syringe, jet dipense, required. Reworkable, 300
Emerson & 9 applicable OSP* finishes or stencil print second reflow cycles, 225°C
: (reworkable) -
Cuming peak, Variable frequency
microwave curable.
Flip-chip/BGA or
CSP assembly
UF-3400/ No-flow, unfilled ) and CSPhonding | Automated dispensing
3M Co.

CSP assembly and FCOB and
CSP bonding to laminates.

*QOrganic solderability perservative; N/A — Not Available. Source: Compiled from suppliers' technical data sheets.
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K atzel'®l eval uated four dispense patternsasshownin Fig. 5.10. The X
and the five-dot patterns were most susceptible to air entrapment. The
single-dot and single-line patterns gave the best coverage. Initial coverage
beneath the die was approximately 50%, but flow-out completed the
coverage.[* Prebaking the printed-circuit board to remove moisture and
limiting the exposure time of the adhesive to ambient moisture are recom-
mended to reduce voids.[*%]

Prefor ms. A thirdapproachtounderfillinginvol vesapplyinganinsul ative
thermoplastic preform (film) prior to attaching the device. Under pressure
and heat, the preform softens and flows around the solder bumps, then
solidifies quickly on cooling. The devices may then be solder reflowed to
make the connections or the preform may be formulated to flow and
encapsulate the solder during solder reflow. Table 5.6 lists some commer-
cially availablepreformsused asunderfills. Anisotropicfilmadhesiveshave
al so been used as underfill preforms, in which case z-direction conductive
paths are formed beneath the solder bumps at the sametimethat rest of the
insulating film flows and cures around the bumps. Anisotropic paste
adhesives can be similarly used (Fig. 5.11).

Alternateunderfill approaches. Alternate approachesthat eliminate
the capillary-flow underfill process currently used by electronics assem-
blers, involve pushing the problem back to the wafer stage. One process,
wafer-level underfill (WLU) (Fig. 5.12), consists of applying the underfill
material to abumped wafer and then B-staging the underfill. The wafer is
then diced and the die are positioned on corresponding connection pads
on an interconnect substrate and solder reflowed. During reflow, solder
connectionsaremadesimultaneously withtheflowing, filleting, and curing
of the adhesive.

X Pattern Glob 5 Dots Line on
Side of Die

Figure 5.10. Dispense patterns for no-flow fluxing underfill.



Table 5.6. Examples of Underfill Preform Adhesives

Adhesive/Supplier

Type

Bonding Conditions

Application

Film Fill FF7673/
Al Technology

Epoxy insulative film, quartz-
filled, 0.7 W/mIK thermal

conductivity

150°C, 10ps, 1 sec

Flip-chip to ceramic or laminate
subdrates

Film Fill FF7675/

Epoxy insulative film,
alumina-filled, 1.4 W/mK

150°C, 10pg, 1 sec

Flip-chip to ceramic or laminate

Al Technology thermal conductivity substrates

i Insulative film 180°C, 145 psi, 20 sec R A hrarbrid
or-o20/ Insulative film 180°C, 145 psi, 20 sec Flip-chip to subsite, CTE
EiaiﬁB/ Anisotropic film 180°C, 145 ps, 20 sec Flip-chip L::g?;rgcltliggg electrical

Source: Compiled from suppliers’ technical data sheets.




Before Cure . . .
Iz

Substrate Bonding Pad
Solder Bump

PLE ar
Flex Substrala

Anisoiropic Pasls or
Film Adhesive with
Conductive Parlicles

After Cure . .
(Hear and Low Pressura)

Uncompressead
Anisoropic Paste or
Film Sumounds Fina
Fitch Joints, Acting as
a Low-Stress Underfil
and Elactrical Insulatar

Compressed Anisolropic
Pasta or Filin with
Comductive Pasticles Formns
Z-axiz Bond Cannactions.

Figure 5.11. Anisotropic film or paste underfill.
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w Wafar of Flip-Chip w |

4 Apply Underfil
U T
| B-Stage
e G s
l Dice Wiater
Flace Die

| ShconChip |

PCE

P

Figure 5.12. Process steps for underfill pre-applied at wafer stage.[*!
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In a similar process, known as polymer-film interconnect (PFI), an
insulativethermoplasticfilmislaminated over thedevicesat thewafer stage,
andviasareopened over thebonding padsusing alaser. At that point, either
thenormal solder bumpscanbeformed or asilver-filled conductiveadhesive
canbestencil printedintotheviastoform polymer bumps. After printing, the
epoxy is B-staged and the flip-chip devices are diced. In assembly, the
devicesare heated to atemperature that completesthe cure of the B-staged
bumpsandsimultaneously reflowsthethermopl asticunderfill material [161[17]

Recently, Loctite hasbeen investigating applying acoating around the
solder balls of devices also at the wafer stage. The process, called pre-
applied underfill, consistsof stenciling amodified epoxy coating/adhesive
to 50%—80% of the height of the bumps, heating to removethe solvent, and
B-staging. Theflip-chip devices are then singulated and ready for fluxing,
attachment, and solder reflowing.[2!

A unigue process, devel oped by K& SHip Chip Division (Kulickeand
Soffa), consistsof forming apolymer collar around each solder bump at the
wafer stage. The mini-collars reinforce and dissipate stresses from each
solder bump. Thecollarsare produced by abatch photolithographic process
and are reported to increase the life-cycle performance of the solder
connections up to 50% after temperature cycling.[*%2% Most of the prob-
lemsassociated with both capillary-flow and pre-applied underfillsthat are
used with tin-lead sol der connectionshave beenresolved, and thematerials
and processesarefairly mature. However, withthetrend towardsreplacing
lead-alloy solders, anew set of underfill adhesivesissues has arisen. Non-
lead solders generally require reflow temperatures that are 10°C-30°C
higher than tin-lead solders and generate flux residues that are different.
New underfill materials are needed that will survivethese higher tempera-
turesand be compatiblewith theflux residues. Pre-applied material should
not gel or cure before the solder joints are formed.[*

514 Conductive Adhesives as Solder Replacements

Electrically conductive adhesives, primarily silver-filled epoxies, are
finding usesasreplacementsfor solder in surface-mounting componentson
printed-circuit boardsandinflip-chipattachments. Thereareseveral driving
forcesfor thisapplication, amajor onebeing thetrend to eliminatelead and
tin-lead solders because they may be health hazards. Also associated with
theuseof solder, istheneed to eliminate ozone-depl eting sol ventspresently
used to clean and remove flux residues. Electrically conductive “polymer
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solders’, as alternatives to tin-lead and other metal alloy solders, provide
environmentally friendly material sand processesal ong with other benefits,
such as the lower processing temperatures (often required in assembling
heat-sensitive components), and finer pitch and tolerancesfor high-density
interconnections. Curetemperatures of 120°C—150°C can be used for most
adhesives while reflow temperatures of 220°C-240°C are required for
solders. However, many adhesives have been formulated to cure during a
typical solder-reflow cycle, thusarecompatiblewith existing SM T produc-
tionlines.

Two issuesthat must be addressed in substituting adhesives for solder
aretheir compatibility with thevariety of component-termination materials
and PWB surfaces. Adhesion and electrical-contact resistance can vary
widely depending onthenatureof these surfaces. Terminationsmay consist
of tin, tin-lead, nickd, silver-palladium, and gol d. Board surfacesmay consist
of tin-lead solder, plated gold, or organic-solderability preservative
(OSP) copper. OSP consists of athin organic film that reacts selectively
with the copper surface preventing it from oxidizing and guaranteeing
solderability for many months. OSP providesaconductivesurfacethatis
compatible with fluxes and solder. The compatabilities of several solder-
replacement adhesives with various metallizations, surface finishes, and
printing resolutionsaregivenin Table5.7.

Sol der-replacement materialsmay beapplied by stencil printing, screen
printing, or automati c dispensing and can producefine-pitch bonding padsfor
flip-chip devices. Emerson & Cuming’ s CE-3100 and Ablestik Ablebond®
8175A, for example, applied by stencil printing can produce 20-mil pitch
pads, whileEmerson & Cuming’ sCE-3103 and 3502 adhesivesmay beused
to process 12-mil-pitch conductor pads. Many commercially available
solder-replacement adhesivesare al so suitablefor ultra-fine—pitch applica-
tions (<12 mils) and are compatible with a variety of surfaces including
antioxidant-free copper, OSP-copper, and tin-lead soldered surfaces. The
contact resistance of polymer bumps to aluminum bonding padsis higher
than for solder bumps so that amore compatible metallization such asgold
needsto be formed over the aluminum through barrier and adhesion layers
such as titanium/tungsten and copper. The contact resistance of a silver-
filled epoxy isreported to be approximately 25 micro-ohms compared with
10 micro-ohms for tin-lead solder.!'®! The properties of some adhesives
reported to be useful as solder replacements are given in Table 5.8.
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Table 5.7. Compatability of Various Solder Replacement Adhesives with
Surfaces and Printing Resolutions

. . - Printing
Solder Compatability with Surface Finish Resolution
Replacement/
Supplier sn/Pb OSP* Coated sn | Au 20-mil | 12-mil
Copper pitch pitch

CE 3100/
Emerson & Cuming X X X
CE 3103/
Emerson & Cuming X X X X
CE 3502/ . X N
Emerson & Cuming
XCE 3104XL/ X X X
Emerson & Cuming (Au-Ni)
Ablebond® 84-1 LMI/
Ablestik X X X
Ablebond® 8175A/ X X
Ablestik
QMI 4030SR/ Loctite| X N/A N/A
Epo-Tek® E 2116/
Epoxy Technology X X X
Epo-Tek® E 2116-4/ X X
Epoxy Technology
Epo-Tek® E 2116-5/
Epoxy Technology X X X

*QOrganic Solderability Preservative; N/A — Not Available.




Table 5.8. Properties of Adhesives Used as Solder Replacements

Product Shelf Life % Weight Bond Modulus of CTE Volume Thermal lonic
Name/ Type Vlsccs)*snty (-40 (.:)/ Sc(r:lgd;el Logc.s@ Strength Blastidty ppm/°C ;ré Resistivity C(_)n_duc Impurities
Supplier cp: Pot Life ule | 300°C by psi M_Pa ohm-cm tivity ppm
(25°C) TGA psi** a az W/mK
Polysolder LT/ ! .
Silver- 10min
Cookson filled | 120000 1 gpys @ N/A >2,500 NIA 54 |[NA| 9 | <50x10*| 35 N/A
Semiconductor | (1 rpm) 140°C
Products poxy
Polysolder L/ | sitver- | 250,000~ 10min
) filled 350,000 | -/8-10hrs @ N/A >6,700 N/A 57 | N/A | 90 14 x10° 35 N/A
Semiconductor ‘
Products epoxy (1 rom) 150°C
Polysolder
SE3001/ Silver- | 150,000— 15 min
Cookson filled 220,000 | -/8-12hrs @ N/A >2,300 N/A 54 | N/A | 90 <1x10* 45 N/A
Semiconductor | epoxy (2 rpm) 130°C
Products
ME 8452-HF- Silver- 15 min
IR/AI filled N/A 12 mos/- @ N/A 1,500 N/A N/A | N/A | N/A | <1x10* 8.0 N/A
Technology epoxy 150°C
Silver- . "
; 15 min Na
QMI 4030SK/ filled 42,500 12mos 1,100 4 .
Loctite thermo-| (10pm) | @°cy- | .2 NIA 624 | (159542) | 30 |NA] 30 | 16x10 >0 K =2
; 150°C ClhLF<20
plagic
CE 3100/ Silver- | 30,000 fsrg'?:?r 6300 cl <79
Emerson & filled 75,000 12 mos/- . N/A >1x 10° : 51 | 148 | 99 3x 10* N/A Na“ <1
. 6min @ (913,739) ¥
Cuming epoxy 130°C K" ND

*Brookfield @ 5 rpm and 25°C, unless indicated; **Generally at 25°C; N/A —Not Available; ND — None Detected. Source: Compiled from various suppliers’ data sheets.
Contact suppliersfor specification values

(cont'd.)



Table 5.8. (Cont'd.)

Shelf Life % Weight Modul us of CTE Thermal .
Froduct Type | Vissosty | 40y | cue | Loss@ a?gr?gth Elastigty | ppm/°C | T, R\Q;wﬁy Conduc- Imr',ﬁrr‘i'fi -
Suppli cps* Pot Life | Schedule | 300°C by : MPa °C oh tivity -
ppiier (25°C) TGA ps psi** o | oa m-am - wimk ppm
: 3mn@ .
CE 3103/ Silver- o Cl'<30
Emerson & filled [ 49990 | 12mog | 150°C ol na vA | gélgoﬁ) 43 | 144 | 104 | 3x10* N/A Na* < 10
Cuming epoxy 130°C K*<5
Ablebond® Silver- 12 may 15%?&% 5 cr<20
84-1LMI/ filled 28,000 10 days hrs @ 0.19 6,500 N/A 55 150 | 103 2x 10* 240 Na" <20
Ablestik epoxy 125°C K"<10
Silver- f
Ablebond® filled 1§0T(I?0§)6 Cl' <50
8175A/ €poxy, 70,000 12 mog/- . 043 5,500 N/A 65 | 250 80 3x10* 40 Na“ <10
Ablestik fast Tégfg) K* <5
curing
Ablebond® Silver- 1hr @
8175/ filled 55,000 12 mog/- 130°C 0.30 1,650 N/A 55 | 200 90 3x10* 32 N/A
Ablestik epoxy
: Cl'<20
CE 3502/ Silver- f +
Emerson & filled | 310000- 1 15 mog. | SMIN@ | A NA | >4(580) | 55 | NA | 80 | 2x10* 30 Na <10
Cumi 350,000 120°C K*<10
uming epoxy NH," <50
. Cl" <20
Epo—Tek® Silver- } .
E2116/Epoxy | filled (810% gﬂ?ﬁs’ 1@5; fgo’l‘(':” 048 3,400 N/A 42 | 140 | 100 | 1-5x 10* 20 Ne b
Technology epoxy NH,* < 25
*Brookfield @ 5 rpm and 25°C unless indicated; **Generally at 25°C; N/A —Not Available; ND — None Detected. Source: compiled fromvarious suppliers’ data sheets.
Contact suppliersfor specification values

(cont'd.)




Table 5.8. (Cont'd.)

. % CTE
Product Viscosit S(t]%og)f/e Cure Weight Bond lvllzcl):sutli;stof ppm/°C T Volume Thermal lonic
Name/ Type cps* Y Pot Life | schedule Loss@ | Strength MPa Y oé Resistivity | Conductivity | Impurities
Supplier (25°C) 300°C psi psi** o 0 ohm-cm W/m-K ppm
by TGA
Epo-Tek® ! cl 20
Silver- 15-30 +
E2116-4/ filed | 22000 | M | min@ | o075 | 3400 4826 | 58 | 100 | 115 | 1-5x 10* 20 Na 12
Epoxy <24 hrs 150°C (700,000) K" 5
Technology enoxy NH," 20
Epo-Tek® :
Silver- 15-30
E2116-5/ - 120,000 12 mos/ - 4,826 4
Epoxy flllid @5mm) | <2ahrs Tég % 0.75 3400 | 00000 | 28 | 100 | 115 | 1-5x10 20 N/A
Technology Epoxy
’ 10min @ >1,000
. Silver- 6 mos. o '
Loctte3880 | iled | 73990 | 5oy s | A (’T;g*' N/A 45 | NA | 40 | 8x10° N/A N/A
epoxy ’ Tdays |7 75ec shear)
Silver- 5min @
ESS 8450/ filed | N/A nA | 1soec, | A | 2,000 120 A [ NA | 60 | <4x 10 57 N/A
Al Technology ’ (17,404)
epoxy 5-10 psi
Silver- 5min @
ESS 8459/ . o 120 3
Al Technology | filled N/A N/A 150°C, N/A >2000 | (17504 | NA|NA | 60 | <5x10 57 N/A
epoxy 5-10 psi

*Brookfield @ 5 rpm and 25°C unless indicated; **Generally a 25°C; N/A —Not Avallable; ND — None Detected. Source: Compil ed from various suppliers data sheets.

Contact suppliersfor specification values
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5.2 SPECIFIC APPLICATIONS

For many applications, adhesives are formulated and tailored around
specific products and environments. Among these are the ground commu-
nication and control equipment for the military that must withstand awide
spectrumof harshterrestrial climatesin additionto highlevelsof shock and
vibration. Spacecraft electronics will be subjected to high vacuum, low
temperatures, and particlebombardment from bothradioactiveand physical
particles. Other specific applicationsincludememory modul es, automotive,
flat-panel displays, optoel ectronics, MEM S, and EM|I shielding.

Adhesives are also tailored to meet specific requirements of the
packaging or assembly technol ogy used (Table5.9). Thus, theregquirements
for single-chip packaging in hermetically seal ed ceramic packages such as
CERDIPs will be somewhat different from those of plastic dual-in-line
packages (PDIPs) and plastic-encapsulated microcircuits (PEMS).

5.2.1 Military Applications

Adhesivesareused extensively inmilitary electronics. Communication
systems, sensors, and navigation systems used in army, navy, and marine
corps equipment rely heavily on printed-wiring boards and assemblies
because of their ruggedness and ability to survive shock and vibration,
temperature cycling, and aggressive handling. Adhesives are also used to
reinforce and protect other parts of an assembly, for example, to provide
vibration damping, to seal enclosuresfrom moisture, and to protect signals
from electromagnetic interference.

Military el ectronicsmay beground-based or airbornebut, ineither case,
must be capabl e of withstanding the harsh extremes of terrestrial environ-
ments. Ground-based el ectronicsmust al so beresi stant to fungusand other
microorganisms, salt spray (if close to an ocean), and high humidity.
M oisture remains one of the major causes of electronic failures.

Thus, components that are surface mounted with adhesives must
maintain their strength and electrical properties during and after these
combined environments and after repeated stresses. To assure reliability,
numerous accelerated tests have been developed and incorporated in
military and industry specifications. Among specifications governing the
mechanical, electrical, and qualification requirementsfor el ectronic compo-
nents, modules, subsystems, and systems, most of which could not be met
without using qualified andreliableadhesives, are: M1L-STD-883,[2UMI L -
STD-810,2 MIL-STD-202,/?%l and M1 L -PRF-38534.124
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Table 5.9. Adhesives Requirements for Various Packaging
Technologies

Packaging Typical Adhesive Examples
Technology Requirements of Adhesives
High-adhesion strength,
Hermetic l;";;)??i?yﬂ(;rg:cbsg gr;g?(? Silver-glass die attach,
gEEDI P, CBGA, processing temp. >350°C slgsetre-rﬂllg(lj ?quiag:te
(if silver-glass adhesives PO
are used)

. High strength, Silver-filled epoxy,
g%??gfﬁfes low-temperature modified cyanate-
(PDIP, QFP) processing (<250°C), ester and thermopl astic/

' moisture resi stance thermoset blends
VLSICin Low modulus of elasticity
TQFP/thin (MOE), low-moisture Epgt‘y’ o date“
outline plastic absorption erblends
Epoxy blends,
cyanate-ester blends,
Low MOE, modified cyclo-olefin
zr?h(;rﬁ:e?ggzl ly low stress, thermoset (MCOT),
high thermal disspation silicone materials,
highly filled thermally
conductive adhesives
Epoxy blends,
Ultralow MOE,
stress and moisture Cyanate-ester b end_s;,
CSP resistance modified cyclo-olefin
ood mechanical i,nt ri thermoset (MCOT),
9 egrity silicone materials
Hvbrid MIL-STD-883, Method | Silver-filled or insulative
ybna - 5011-compliant, low epoxies, thermoset or
microcircuits and . : X .
MCMs outgassing, hi gh_—purlty, thermopla_suc pastes
reworkability or films
Chip-on-board Low MOE, reworkability Epoxy pastes
Screen or stencil printable iwﬁrr;;?érggégl?;?ve
Flip-chip bonding | S #8418 SOOPIC | agies or flms, underfi
conducti)\,/e bum sp epoxies or modified
PS, epoxies
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5.2.2 Space Applications

Besidesthemechani cal and el ectrical requirementsthat adhesivesmust
meet for terrestrial applications, aseparate set of requirementsapply to space
applications. Thespaceenvironment, depending ontheorbit, consi stsof high
vacuum (108 Torr or lower); extremesof temperature; proton, electron, and
ionizing radiation; atomic oxygen; and debrisand micrometeoroids. Adhe-
sives and polymeric materials are amajor concern in both unmanned and
manned spacecraft. I f directly exposed to the spaceenvironment, adhesives
and other polymeric materialsoutgasand vol atil e productscan condenseand
contaminate adjacent el ectronic, optical, or precisioninstrument parts. Even
100 angstroms of condensed organic material can affect the reflectance or
absorbance propertiesof optical parts. In manned spacecraft, some outgas-
sing products as low as parts per billion can be toxic to astronauts.

Toassuresafety and reliability, NASA and other government agencies
require all polymeric materialsto be qualified and, as a minimum, to pass
outgassing testsdefinedin ASTM-E-595.129] Thisspecification definestwo
tests: the total mass loss (TML) and the collected volatile condensable
materials (CVCM). The TML istheweight of material |ost after exposure
for 24 hoursat 125°C in avacuum of lessthan 5 x 10 Torr and isspecified
as 1% or less. The CVCM is the amount of volatiles that condense on a
collector platemaintai ned at 25° C during thesameconditionsandisrequired
tobe0.1% or less. Through many yearsof testing, an extensive databank of
materialsthat pass these requirementsis available.?2”] In some cases, an
adhesive that fails when cured at one schedule will pass under other cure
conditions. Outgassing datafor some die- and substrate-attachment adhe-
sivesaregivenin Table 5.10.

Indirect exposuretothenatural spaceenvironment, total radiation flux
canalsodegradethephysical and el ectrical propertiesof theadhesive. Long-
term radiation exposure embrittles some adhesives through continued
crosslinking or causes polymer degradation with outgassing. Theradiation
resistance of polymeric materials varies depending primarily on their
mol ecular structures. Aromaticand heterocyclicpolymersand highly cross-
linked polymersare moretol erant to high radiation dosesthan are aliphatic
polymers. Thusepoxiescured witharomati caminesfarebetter than epoxies
cured with aliphatic amines. Polyimides and phenyl silicones, because of
their aromatic structures, areal so highly resistant to total radiation dosesup
to 108 rads. Whereradiation dataarenot availabl e, testing tothetotal ionizing
dose expected should be performed according to MIL-STD-883, Method
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Table 5.10. NASA Outgassing Data for Some Die- and Substrate-attach
Adhesives!?8]

Material Infor mation NASA Outgassing Results (%)

Adhesive/Supplier Cure Schedule TML CVCM WVR
Ablebond® 36-2
(silver-filled epoxy)/ 30 min @ 150°C 0.30 0.00 —
Ablestik

® ; : o
A_blebond_ 7_1-1 (silver- | 30 min @ 150°C 017 0.01 0.14
filled polyimide)/ and 0.25 0.00 017
Ablestik 30min @ 275°C ’ ’ ’
Ablebond® 84-1 LMI 1hr @ 150°C 0.12 0.00 0.04
(silver-filled epoxy)/
Ablestik 2hrs@ 125°C 0.12 0.01 0.09
Ablebond® 84-3
(electricaly insulative .
epoxy)/ 1hr @ 150°C 0.23 0.00 0.16
Ablestik
Ablefilm® 5020K
(epoxy film)/ 1 hr @ 150°C 0.24 0.02 0.18
Ablestik
Ablefilm® 5025E/ 1 hr @ 150°C or 0.30 0.06 0.08
Ablestik 2hrs@ 125°C 0.32 0.08 ’
Ablefilm® 561K/ o
Ablestik 2 hrs @ 125°C 0.42 0.13 0.09
Ablefilm® ECF 550/ . .
Abletik 30 min @ 150°C 0.49 0.10 0.18
Epibond® 7275/ ) .
Vantico 30min@80° C 1.82 0.08 0.26
Epo-Tek® H20E (silver-
filled epoxy)/ 1 hr @ 150°C 0.62 0.01 0.09
Epoxy Technology
®

Epo-Tek” H3S-175MP/ | 51 @ 150°C | 0.30 0.02 0.18
Epoxy Technology
Epo-Tek® H70 E-4/ o
Epoxy Technology 6 hrs@ 05°C 12 0.01 0.23
ME 7156/ o
Epoxy Technology 1.25hrs @ 175°C 0.5 0.15 0.1
Source: Outgassing Datafor Selecting Spacecraft Materid s, NASA Publication
1124.
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1019.5.1%8 Fortunately, through metal shielding, encapsulation, or hermetic
sealing of electronic assemblies, radiation exposures can be largely miti-
gated.

Another space-specific issue is the embrittlement or stiffening of an
otherwiseflexibleadhesiveat thelow temperatureextremesof space. Of the
many polymer types, silicones best maintain their flexibility and physical
propertiesat operating temperaturesaslow as-80°C, or evenlower for some
formulations, thus are widely used in satellites and space vehicles.

Materialsthat are directly exposed to the space environment must also
withstand or be protected from atomic oxygen. Atomic oxygenisprevalent
inthelow earth orbit (LEO), approximately 100to 350 milesfrom Earth. At
this distance, molecular oxygen reacts with ultraviolet light to produce
monoatomic oxygen which is extremely chemically reactive and erosive.
Most adhesives used in spacecraft, however, are sandwiched between two
adherends, thus not directly exposed.

5.2.3 Automotive Applications

Adhesivesare used extensively inthemanufacture of automobilesboth
for structural and non-structural assemblies, and therequirementsthey must
meet are among the most severeinindustry. Electronic assembliessituated
under the hood or near the engine must withstand continuous temperatures
of 125°C to 150°C, thousands of temperature cycles, vibration, and me-
chanical shock. In addition, when not operating, they must be capable of
withstanding severe global climates and climatic changes ranging from
tropical high humidity, high temperatures to frigid subzero temperatures.
While the surrounding ambient may be as high as 150°C, semiconductor
devicejunctionsmust bekept cool. Tothisend, die-attachment and underfill
adhesives must have the highest thermal conductivity possible in order to
transfer heat from the devices. Low CTE, stress-absorbing adhesives are
definitely required asunderfillsfor flip-chip and BGA packagesbecause of
theadded problem of solder ball deterioration expected under extended high-
temperatureandthermal excursions. Coupledwithall thisistherequirement
for very low cost.

Among thebetter adhesivesthat meet automobileengineconditionsare
the aromatic anhydride-cured epoxies, polyimides, silicones, and silver-
glass. A proposed gualification test requirement that adhesive-bonded
assembliessurvive2,000thermal cycleswith 1% or lessof failureshasbeen
difficulttomeet.[9]
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5.2.4 Medical Applications

Many typesof medical electronicdevices, bothinternal tothebody and
external, rely onadhesivesfor their assembly. Therequirementsfor devices
inmedical applicationsdiffer from, and aremoreseverethan, thosefor other
applications, especially where the devices will be implanted or come into
contact with the body. The standards and regulations for the medical
industry arefar different from other industries, oftenrequiring approval from
the Food and Drug Administration (FDA). Medical electronic devices
includepacemakers, defibrill ators, drug-rel easing pumps, hearing aids, and
diagnostic equipment for measuring, monitoring, and recording body func-
tions such as heartbeat and brain waves. Major requirements for medical
devicesarethefollowing:

e Miniaturization.

» Reliability (reliability isessentia forimplantablee ectron-
ics, but alsofor external deviceswhereaccuracy iscritical
in diagnosing apatient’ scondition).

» Biocompatibility and non-toxicity.

* Resistance to sterilization (parts should be able to be
sterilized, often morethan once, without degrading el ectri-
cal or physical performance).

Miniaturization. Miniaturization, low weight, and low volume are as
important in medical electronics asin space electronics and other applica-
tions. The small size and weight are benefits of hybrid microcircuits; they
have been used for a long time in pacemakers and defibrillators. The
attachment and packaging of bare-chipdeviceswithconductiveandinsulative
adhesives has provided major reductionsin weight and space over printed-
wiring boardtechnol ogies. Thehermetic sealing by welding hasal so assured
protection of the el ectronicsfrom moisture and other body fluids, aswell as
protecting the body from outgassing or other contaminants from the elec-
tronic modules. Miniaturization is necessary for the new generation of
hearing aids. Some designs consist of athinned silicon IC embedded and
connectedtoaflexiblepolyimidecircuitthat isthenfol dedtoreducevolume.

Reliability. Theperformanceof theel ectronic devicesimplantedinthe
body isextremely important. Malfunctioning can resultin death. For hybrid
microcircuitsand multichip modul es, thequalificationtestsand accel erated
testsrequired of military and space applications also apply, although some
shock and vibration testsare not realistic for humans. In addition, the Food
and Drug Administration (FDA) becomesinvolvedintestingandreviewing
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data for toxicity, compatibility with body fluids, and failure modes and
mechanisms. Someof theearly pacemakersfailed after beingimplanted and
had to be removed and replaced. Failures occurred dueto corrosion within
hermetically sealed hybrid circuits due to moisture outgassed from adhe-
sives and other polymer materials and to contaminants that were not
compl etely removed during cleaning.

For externally used diagnostic el ectronics, reliability may alsobealife-
or-death situation if instruments do not provide accurate information.

Toxicity and biocompatibility. Adhesives used in medical devices
that areimplanted or in contact with the body must be tested and shown
tobenon-toxic, biologically inert, and compati blewith blood and body fluids.
Compatihility with blood and other body fluids is especialy critical.
Surfaces in contact with blood must not serve a sites for coagulation and
clotting of blood. Generaly, qualification testing is performed to 1SO-
10993139 or to U. S. Pharmacopoeia (USP) Class V1. The two standards
specify dlightly different tests.[3) The USP Class V| standard specifiesacute
systemic (over the tissue), intracutaneous (under the skin), and muscle
implantation tests. The | SO-10993 standard isaset of 12 documentsthat is
more universal and more extensive than the USP standard. It specifies:

e Intracutaneous injection tests to evaluate irritation
potential.

« Acutesystemicinjectionto evaluatefor toxic effects.

« Cytotoxicity teststoevaluatetheeffect onmonolayer cells.

» Bloodcompatibility.
Some adhesives suppliers already have test data showing compliance of
their adhesivestol SO-10993 andwill provideacertificateof compliancefor
their products. However, passing the 1SO or USP Class V| tests should be
considered astarter in proving that an adhesive hasalow level of toxicity;
it does not guarantee FDA approval. The FDA often requires more
extensivetesting.

Sterilization. All devices implanted in the body or that come into
contact with body fluids or blood must be sterilized and be resistant to the
sterilization conditions. Adhesive-bonded partsarenot usedindirect contact
withthebody fluids. They aregenerally part of an electronic modulethat is
hermetically sealed or otherwise encapsulated or shielded. However, the
sterilization conditionsfor the module must not degrade theinternal adhe-
sive-attached components. Someadhesivessuch ascyanoacrylatesand UV -
cured acrylics degrade at the elevated temperatures and high humidity
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encounteredindry heat and autocl avesterilization. Thus, adhesives, eventhough
not directly exposed, should betested and qualified based ontheir resistance
to the sterilization process that will be used. The main sterilization proce-
duresaregaseousethyleneoxide, autoclave, dry heat, and gammaradiation.

Gaseous ethylene oxide (EtO). Exposure to ethylene oxide, admixed
withacarrier gassuch ascarbon dioxideor achlorofluorocarbon, isthemost
widely used sterilization processbecauseit hastheleast damaging effect on
materialsand devicesand islow cost. EtO sterilization isaroom-tempera-
ture process that affects only the external surfaces of a module.

Autoclave. Autoclave sterilization consists of exposing the parts to
steaminapressurized vessel. Temperaturesof 121°Cto 132°C at pressures
up to 2 atmospheres are reached with saturated moisture. Under these
conditions, somepolymer materialshydrolyzeand revertto monomerswith
loss of adhesive strength. Materials most susceptible to reversion include
some polyurethanes, acrylics, and silicones. Epoxies are most resistant.

Dry heat. In dry-heat sterilization, the parts are exposed for 2—3 hours
at 165°C-170°C. Dry-heat exposure is the least effective sterilization
method and most likely to degrade materials and electronic devices.
Although adhesives may have been cured at 165°C prior to hermetic
packaging, the additional temperature exposure within the seal ed package
can result infurther outgassing of moisture and corrosive volatiles causing
electrical failures. Outgassing isworseif the adhesive had been cured at a
temperature below 165°C.

Gamma Radiation. Exposure to gamma radiation or to other high-
energy radiation source (beta, electron beam) is an effective sterilization
processbut requiresexpensiveequipment and strict saf ety controls. Gamma
rays are highly penetrating even affecting materials and devices within an
enclosure. Some electronic components, especialy bare semiconductor
devices, may be temporarily or permanently damaged.

5.2.5 Chip-Scale Packages (CSP)

Bare die such as integrated circuits may be assembled in plastic or
ceramic carrierswhose dimensions are slightly larger than the chip. These
are called chip-scale packages (CSP) and are defined as packagesthat are
nolarger than 1.5timestheareaof thedieor nomorethan 1.2 timesthewidth
or length of thedie.[A[33] |f thecarrierisaBGA type, an alternatedefinition
isthat the solder-ball pitch belessthan 1 mm.[34 The pitch of interconnects
variesby 1/0 count. Partshaving fewer than 100 1/Os have pitchesof 1 mm
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decreasing to 0.5 mm asthe number of |/Osincreasesto 500.1°! Chip-scale
packages have many advantages over bare-chip attachment especialy in
their ease of handling, electrical testing, and automated sol dering or epoxy
attachment. They al so have advantages over QFP and PGA packagesinthe
higher levels of silicon density that are obtained. Whilethe silicon density
(ratioof silicon-to-packagearea) of aQFPis10%t0 60%,3¢ that for asingle
chipinaCSP may beas high as60% to 100%.51 CSPsmay be bumped for
flip-chip connections or may bewire bonded. Adhesivesare used to attach
the chip to the carrier and the carriers to an interconnect substrate. In the
past decade, there hasbeen aproliferation of designsand configurationsfor
CSPs, and they have becomethe preferred method of packaging |Cshaving
up to 500 I/Os. Table 5.11 lists some examples of commercially available
chip-scale packages, suppliers, and applications.

5.2.6 Memory Modules and Vertical-Stack Packaging

In the quest to produce ever-higher density memory modules, various
stacked 3-D packaging configurations have been devel oped and are being
used. Historically, focal-plane arrays with on-board processing and solid-
state data recorders for military and commercial satellites have driven the
development of 3-D high-density memory modules. For example, the data
storage unit of the Hubble space tel escope consists of 3-D stacked memory
chips. More recently, the driver for 3-D stacking has been cell phone
handsetswhereincreased functionsarebeingintegratedinsmaller units. For
these consumer products, separately packaged Static Random Access
Memory (SRAM) or flash memory chipsarenolonger sufficient to support
thegrowing demand for new featuressuch asvoice, video, and datawithout
substantially increasing thesizeand weight of theproduct.[28 V ertical -stack
packaging designs may be of four typesasillustrated in Fig. 5.13.

Chip stacking. Bare|Csare stacked and interconnected to achievethe
densest level of integration. The chips are held together by thin layers of
adhesive. I nterconnectsare made by vapor depositing and photodelineating
thin-film metallization along the sides, by applying el ectrically conductive
epoxy adhesive, and by using TAB leads or by wire bonding.

Package stacking. IC chips are first inserted into packages, then the
packages are stacked and interconnected using either the package leads or
extensions from the board. Package stacking is a better solution for some
applications because the packaged die can be burned in and electrically
tested prior to stacking, assuring known good devices.



Table 5.11. Examples of Chip-Scale Packages, Suppliers, and Applications

L eadframe-Based CSP

Construction

Advantages

Examples (Supplier)

Applications

Copper leadframe, low-loop
wire bonds or flip-chip
interconnect, over-molded

50% size reduction compared
to thin-shrink small-outline
package (TSSOP) inductance
(MicroLeadFrame®) and very
low inductance flip-chip
MicroLeadFrame

MicroLeadFrame” (wire bond)
and fli p-chip MicroL eadFramé”
(fcMLF) (Amkor)

Portable electronics (cell phones
and personal data assistants)
(PDAS), MicroL eadFrame”and
high-performance applications in
the 5-40 GHz range

Standard bumped chip carier
(BCC) and
electrically/thermally
enhanced (BCC+) center-
exposed-pad technology, over-
molded

Structure without interposer
for low standoff height

BCC* (Fujitsu)

Flash memory, portable
electronics

Copper C194 (taped and gold
flash), wire bonded

Near CSP format, excd lent
electrical and thermal
characteristics

MicroLeadFrame (MLF) and
Quad Flat-Pack No-Lead (QFN)
(Orient Semiconductor
Electronics USA)

Microwave, RF, and hand-held
portable communications

Exposed die-attach pad

50% reduction in
inductance/capacitance
compared to leaded parts.

MLP (MicroL eadFrame Package)
(Carsem)

PDAs, Global-Positioning
Systems (GPS), RF product for
Bluetoothd

*NA — Not Available.

(cont'd.)




Table 5.11. (Cont'd.)

Rigid Interposer CSP

Construction

Advantages

Examples (Supplier)

Applications

Rigid laminate substrate (with
or without soldermask), wire
bonds, over-molded

Small outline, low profile (1.0
mm), enhanced electrical
performance over 2.4 GHz,
JEDEC moisture sensitivity
level (MSL) 3

Plastic thin fine pitch quad flat no

lead package (P-TFQFN), plastic

thin shrink small outlineno lead
package (P-TSSON), and fine-
pitch BGA, FBGA (National)

Portable applications, flash
memory

Stacked chipson rigid
substrate

Chip scale packaging efficiency
integrating multiple
functionality and high silicon
density

Thin profile fine pitch BGA
(TFBGA), low profile fine pitch
BGA (LFBGA) (Orient
Semiconductor Electronics USA)

Portable electronics requiring
flash memory, SRAMS,
DRAMSs, and controller chips

Combines Flash and SRAM
die, high silicon density
(2-layer stack)

MZ2CSP (ChipPAC)

Memory (Flash/SRAM),
Embedded (logic/flash and logic
DRAM), PDAS, pagers, hard
disks

Thin-core laminate, low-loop
wire bond, and standard
over-mold

Thinnest available package
(0.5 mm mounted height),
and JEDECMSL 1

Extremely thin CSPO , etCSPO
(Amkor)

EEPROM devices, PCMCIA
card applications, and minidisk
drives

Low inductance for high speed
application, small footprint
(near chip size)

Chip Array” Package (Amkor)

Memory PLDs and ASIC
devices, PCs, GPS, PDAS, and
wireless appli cations

NA — Not Available.

(cont'd.)



Table 5.11. (Cont'd.)

Flexible Interposer CSP

Construction

Advantages

Examples (Supplier)

Applications

Compliant layer and
redistribution layer (rigid)

No underfill required,
JEDEC MSL 1

UBGA (Tessera)

Flash memory, SRAM, and
DSP for portable electronics,
high-reliability automotive,
military, and medical
applications

Polyimide fil m interconnect

Excellent dectrical

SRAM, DRAM, and flash

and Nubin (elastomer), over- performance and UBGA (ChipPAC) memory and low to medium
molded JEDEC MSL 1 1/0 goplications

Flex substrate, die up and wire Near CSP Portable electronics (cell,
bonded configuration, over- ackaqing efficienc flexBGA (Amkor) pagers) and digital cameras
molded packeging y and PCs/disk drives

Upilex tape, wire bonded,
over-mold

Near chip-scale package

Economic Chip Scale Package-
Tape, (EconoCSP-T, ChipPAC)

DSPs, ASICs, flash memory,
SRAMSs, and PC chipsets

Polyimide tgpe, die and wire
bond, over-mold

Near CSP

FBGA-T (ChipPAC)

DSPs, memory products,
ASICs, and SRAMS,
cell phones, and pagers

NA — Not Available.

(cont'd.)



Table 5.11. (Cont'd.)

Wafer-level CSP

Construction

Advantages

Examples (Supplier)

Applications

Glass-silicon sandwich
structure; solder bumped

Reduced light loss

ShellOP (Shellcase)

CCD cameras,
digital photography,
finger-print sensors

Repassivation and depodition
of solder bumps

Eliminates need for underfill,
standard SMT processes,
smallest footprint per 1/0 with
space savings on PWB

MicroSMD,
standard and thin versions
(National Semiconductor)

N/A

Thin-film redistribution
process using wafer-level
passivation and cyclotene
dielectric

High-performance
wafer-level CSP,
JEDEC MSL 1

UltraCSPO (Flip Chip
Technology, Amkor and
K&S Flip Chip Division of
Kulicke & Soffa)*

EEPROM, Flash memory,
DRAM, and standard electronic
devices, PDAS, laptop PCs, disk

drives, GPS, and MP3 players

Compliant layer between
silicon and rigid redistribution
substrate

Controlled impedance,
low inductance and resistance,
no underfill required

Wave (Tessera)

Largediesize and
small 1/0 applications
(memory base band, ASIC)

Polyimide layer for
redistribution traces,
over-molded

30% reduction in board area,
65% thinner profile.

Super CSP (Fujitsu)

Flash memory and ASIC

*Technology licensed to Amkor; NA — Not Available.
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Figure 5.13. Vertical-stack packaging designs. (Source: Volcan Ozguz, Irvine
Sensors.)

Multichip stacking. Several IC chips are assembled using MCM
techniguesand thelayersare stacked similarly to package stacking. Layer-
to-layer interconnectsare produced using aninterposer such asfuzz button
layersthat differentiatethisapproach from the package-stacking approach.

Wafer stacking. Inthisapproach, entire wafersor segments of wafers
containing |1Cs are stacked. Interconnections are formed from viasin the
slicon.

Invertically stacking memory chipsor other I C chips, thechipsarefirst
thinnedto several mils(4milsorless), thenadhesivebonded, andelectrically
interconnected directly from chip-to-chip, either from the edgesor through
vias in the silicon. In these approaches, both electrically conductive and
eectrically insulative adhesives are used. Thermally conductive preform
adhesivesor thin thermoplastic films are used to bond and i sol ate the chips
within the stack and to dissipate heat. Several processes are available to
vertically stack and interconnect chips of the same size and function such
as SRAM, flash, and DRAM memory chips. Other processes have been
developed to vertically stack chips of different sizes and functions, or to
horizontally interconnect different chipsinonelayer, thenvertically stack the
| ayers. [39](40]
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In most cases, the vertical-stacking process begins at the wafer stage
where the normal bond pads arefirst redistributed toward the edges of the
dieby several photolithographic processstepsshowninFigs. 5.14and5.15
and described as follows.

» Apply and cureadielectric coating such aspolyimideover
the entire top surface of the fabricated memory wafer.

» Etchviasinthedielectric directly over the original bond
padsusing aphotoresist process. Viasmay bechemically
etched, plasma etched, or laser ablated.

» Vapor deposit athinlayer of metal, such asgold, over the
entiresurface, covering all thedielectricandfillinginthe
vias. The original aluminum bonding pads are usualy
transitioned to gold by first metallizing with barrier and
adhesion metals such as titanium, tungsten, nickel, and
copper.

» Throughanother photoresist process, delineatethemetal -
lization to form conductor traces that extend to the new
redistributed bonding pads.

» Coattheentiresurfaceagainwith polyimidedielectricand
etch vias over the new pads.

* Fill theviasby screen printing or stencil printing sufficient
silver-filled epoxy toformbumpsor leavetheviasopenfor
wirebonding.

Oncethe epoxy bumpshavebeenformed, thewafer isthinned from the
backside, the devices are singulated, and their edges beveled at 45° to
expose gold pads at the periphery of die. The chips are then stacked and
bondedwiththermally conductive, el ectrically insul ativeepoxy (Fig. 5.16).
Paste adhesivesare cost effective and can be di spensed with existing epoxy
dispensing equipment. However, with increasing miniaturization, paste
adhesivespresent problemsinthecontrol of voids, fillet coverage, bondline
thickness, bleedout, and die tilting. Film adhesives have advantages over
paste adhesivesin all these areas and are being used to a greater extent in
new designs. After stacking, theassembliesmay beinterconnected fromthe
perimeter pads using fine wire or interconnected on the vertical edges by
thin-film metal lization or by applying el ectrically conductive epoxy stripes
(Fig.5.17).
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Figure 5.14. Redistribution of bond pads at wafer stage.[3°]
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Figure 5.16. Chip stack built up using thermally conductive preform between die
layers.[39]
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Figure 5.17. Interconnection of die from sides using conductive epoxy.[3
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The assembled stacks are then attached to a leadframe or substrate
again with conductive epoxy or wire bonds, and encapsul ated with epoxy.
Alternately, they may be packaged in thin, small-outline packages (T SOP)
or BGA packages. If multiple die are used on each layer, asmany as64 die
may be incorporated in one stacked module.l*

By vertical stacking, eight 256-Mbit memory chips can be stacked and
interconnected at their edges resulting in a 2-Ghit flash Synchronous
Dynamic Random AccessMemory (SDRAM) module. Storagedensitiesof
more than 2.0 gigabytes per cubic inch using 16 Mbit DRAMs are
reported.[*] Vertical stacking has resulted in numerous benefits, among
which arereduced power consumption of 15%—-20%, reduced capacitance,
elimination of package parasitics, and, of course, smaller volumeand higher
density.[*? A 3-D memory stack isshownin Fig. 5.18.

Other stacking approaches that do not require edge electrical connec-
tions are under development. In one approach, vias were formed in the
silicon from the top surface to the bottom surface much like through-holes
in PWBs. These vias are formed at the wafer stage and metallized so that
direct connections can be made from chip-to-chip.[*3

Figure 5.18. 3-D memory stack. (Source: Vertical Circuits, Inc.)
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5.2.7 System-in-Package (SIP)

At ahigher level of integration, stacked |C chips of various functions
may becombined with passivedevices(capacitors, resi stors) and connected
as a functional block known as system-in-package (SIP). The SIP pack-
agingapproach providesasmall formfactor for multipleel ectronicfunctions
important in mobile phones and other telecommunication products. The
vertically stacked chipsareinterconnected either by wirebonding or by flip-
chipattachment onto aBGA substrate, then epoxy moldedtoformamodule
that can be treated as a discrete standard component in board-level
manufacturing. Inmaintai ning alow-profilepackage, thediemust bethinned
before stacking. Thus, a 5-chip stacked package can be produced having a
height of only 1.4 mm. Anexampleof aSI Pthat useschip stackingisshown
in Fig. 5.19. Carsem, Inc., offers aline of SIPs (Table 5.12).[41 Aswith
memory stacks, both conductive and nonconductive paste and film adhe-
sives may be used in processing SIPs.
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Figure 5.19. Stacked system-in-package. (Source: Strand Interconnect AB.)
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Table 5.12. System-in-Package Products!*4

gi‘gkg]grﬁ I/Os | Substrate OI;IL;rgst;sr/e Nuror}ber N-ug;be-r
' Devices ICs | Flip Chip

49x32 8 BT-epoxy 2 3 -
11x 9 24 BT-epoxy 1 1 1
10x 10 32 BT-epoxy - 8 -
10x 14 34 Ceramic 49 1 1
114%x 102 | 36 FR4 1 1 1
11.5%x 75 56 BT-epoxy 13 3 -
11x11 133 | BT-epoxy 3 6
14x 14 219 | BT-epoxy 16 6

Source: Carsem, Inc.

5.2.8 Flat-Panel Displays*

Polymer adhesives are essential in the manufacture of flat-panel
displays. Adhesivesareusedinfabricatingthedisplay panels, inlaminating
thepolarizersand optical films, and in assembling thedriver electronics. In
particular, adhesiveshaveplayed acritical roleinthedevel opment of liquid-
crystal displays(LCD). Thedurahility, reliability, and functionality of state-
of-the-art LCDshavebeen made possibleby advancementsinboth filmand
paste adhesives.

Liquid crystal display fabrication. Inliquidcrystal displays, theliquid
crystals are sandwiched between two glass plates, one of whose backside
has been processed with thin-film conductor electrodes[usually indiumtin
oxide (ITO)] that can energizeand orient the crystals. Thetwo glass panels
arebonded and seal ed at the edges using one of anumber of adhesives. This
isacritical processsincetheadhesivemust selectively bond only theedges,
must not penetrate and contaminate the liquid crystals, must cure at alow
temperature so as not to degrade the liquid crystals, and must provide
sufficient adhesion to seal and prevent air and moisture from penetrating.
L ow-viscosity adhesivesthat will penetrate by capillary flow arerequired.
Among adhesives that have been used are silicones, acrylics, and epoxies.

* This section was written in part by Lawrence Tannas of Tannas Electronic
Displays, Inc., Orange, CA.
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Lamination of polarizersand optical filmson glass. Every square
inch of LCDs, both top and bottom, must be covered with a laminated
polarizer and additional polymer films having unique optical birefringent
properties. Polarizer filmsareneeded to control the passageof light through
the liquid-crystal (LC) cell. Polarizers and analyzers separate the image
created by the electrically altered orientation of the birefringent LC film
between theglassplates. Theoptical filmsarecalled “compensating films’
and are used to enhance the viewing angle range with birefringent optical
compensationinthreeaxes. Thepolarizer filmispre-cut withadhesivelayer,
compensator layer, and second adhesive layer for lamination to the LCD
glass. Thislaminant stack usesacarrier film for placement and protection.
Thefilmispackagedinlargerollsfor automaticapplicationtotheL CD using
custom lamination machinery. After application, thedisplay isplacedinan
autoclave to cure the adhesive at typically two atmospheres pressure and
60°C. The cured adhesive layers must have unique optical and mechanical
propertiesto beusedinan LCD. Theindex of refraction of thepolymer film
must closely match that of the glass to assure minimal scattering and
absorption. Themost difficult properti esto achievearemechanical because
the adhesive must maintainitsbond strength for dissimilar materialsover a
wide temperature range from -40°C to +80°C, and preferably wider for
industrial and aerospace applications. The polymer films must also be
removablefor repair of the LCD if the polarizer film becomes scratched or
damaged.

Lamination of glassfilters. For high-performance aerospace LCDs,
aglassfilter islaminated to the front and back of the LCD polarizers. The
glassfilter hasatransparent EMI film and an anti-reflective coating on the
front filter, and atransparent heater and anti-reflective coating on the back
filter. Epoxies, silicones, and other adhesives, both thermal and UV -light
curing, have been used to laminate thefilter on either side of the polarizer.
Thepotential problemswithadhesivesaretheformationof voids, delamina-
tion, optical effects, and strain-inducing L CD cell gap changes. Thereisno
known repair or recovery procedure for the filters and LCD. At best, the
yield is 80% and, when failures occur, the entire LCD with filtersislost.
Further, thelamination must havetheperformanceof the polarizer adhesive
and must survivetemperature excursionsfrom-55°C to +90°C. Lastly, the
compl eted package must protect the polarizersfrom high humidity in both
operating and storage conditions.
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Electronics assembly. Rapid advances have been and are still being
made in the development of large flat-panel displays (FPD), especially
LCDs. Generally, theelectronicsthat drivethedisplay havebeenassembled
and packaged separately, then mechanically and electrically connected to
the glass display portion with a flexible cable. The flex connector is
mechanically and el ectrically bonded totherow-and-column | TO el ectrodes
of the glass panel. The separate assembly and packaging of the electronics
adds to the volume and weight of the final product and increases its cost.
Thus, thefocusin recent yearshasbeen tointegratethe el ectronicswiththe
panel by forming or assemblingthedriver electronicsdirectly ontothepanel,
reducing theoverall thicknessand assembly costs. Theultimateintegration
would betoextend thethin-film processesusedtofabricatetheactivematrix
circuits on the glass, that is, to fabricate the integrated circuits on the
available area at the periphery of the glass. Thisisamajor step that has not
yet been accomplished. As an intermediate approach, electronic compo-
nents and bare chips are being attached and connected on the edges of the
top sideof theglassdisplay. However, thenormally used sol der attachment
of devices or connectors to the LCD runstherisk of degrading the liquid
crystalsduetothehigh solder temperaturesinvol ved. Furthermore, thefine-
pitch connections required for chip devices work poorly for solder due to
solder bridging and smearing. Thus, polymer adhesives, becauseof their low
temperature and rapid cures, havefound aspecific nichein theassembly of
flat-panel displays.

Several approaches using electrically conductive adhesivesinstead of
solder have been explored and are proving successful. Anisotropic adhe-
sives(See. Ch. 1), for exampl e, have been used to connect flex circuitsand
cables from the separate driver circuits to the panel, avoiding the use of
solder connections. Moreimportantly, integrated-circuit chipscan bebonded
directly tothe I TO conductor traceson the panel, atechnol ogy called chip-
on-glass (COG). IC chips can be flip-chip bonded, then underfilled with a
stress-free underfill adhesive, if necessary. For protection, the chips may
then be encapsul ated with epoxy (glob topped).

Alternately, flip-chip devices or TAB devices may be connected using
an anisotropic film adhesive which, with moderate heat and pressure,
forms electrical connections between the bumps or leads of the device
and the conductor pads on the panel. In using an anisotropic filmadhesive,
the film is first attached to the glass at 80°C-100°C under pressure of
50-100 N/cm? (based on bump area) for 3-5 seconds. The protective
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layer isthenremoved fromthefilm, componentsareplaced and aligned, and
theconnections are made by bonding at 170°C-180°C under pressure of
200-400 N/cm? for 20-30 seconds.[*®! Anisotropic adhesives are used to
connect (using the TAB process) large-scale integration (L SI) chip-carry-
ing polyimide film with traces to traces on the glass edge of LCDs. The
traces are at densities of over 200-line pair per inch. The adhesive must
survive temperatures from -40°C to +80°C and be repairable. The resolu-
tionof theLCD islimited by theachievableline-pair density. If thelinesare
tooclosely spaced, theconductivity betweenthelinesbecomestoo high. The
LCD industry has been the prime mativator for improving anisotropic-
conductive adhesiveswith very low line-pair pitch.

UV-curing adhesives are also finding an application in flat-panel
electronics. Becausethe panel isglassand transparent to UV light, devices
can be attached with a UV-curing adhesive on the topside and, after
accuratepositioning, exposedto UV light fromthebacksideof thepanel and
cured in afew seconds.

Thermoplastic “hot melt” adhesives have also found usein flat-panel
displays (FPDs) because of their rapid bonding and ease of reworking.

5.2.9 Electromagnetic Interference (EMI) Shielding
and Grounding

Electrically conductiveadhesivesplay akey roleinshielding el ectronic
circuits, modules, and subsystemsfrom el ectromagneticinterference (EMI)
andingrounding. EMI shieldinggenerally involvessurroundingor enclosing
the part with an electrically conductive wire mesh, ametallic coating, or a
metallized foil that is attached with pressure-sensitive adhesive tape.
Conductive adhesives and sealants are also used to ground chasses and
electronicboxes. Adhesivesareusedtofill ingapsandelectrically bridgelids
to chassis, to bond conductive gaskets in place, to attach conductive
grounding pads, and to attach connector EMI gaskets. EMI shielding is
important for the successful operation acrossall major el ectronics applica-
tions including military, space, and consumer communication systems,
computers, servers, and medical instruments. With the proliferation of
wireless electronic devices, EMI shielding becomes even more essential.
Even though PWAs and other electronic modules can be designed to
minimize or avoid EMI, it becomes increasingly difficult as frequencies
increase beyond 800 MHz and into the high GHz regions where most
wireless devices operate.
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Both conductive paste adhesives and pressure-sensitive tapes are
widely usedfor EMI protection. Two-part epoxiesor one-part siliconesfilled
with silver or silver-plated copper particles are widely used as paste
adhesiveswhileacrylic conductiveand nonconductive adhesiveson al umi-
num or copper foil areused aspressure-sensitivetapes. EM|I shielding tapes
aresuitablefor temperaturesrangingfrom-40°Cto121°Candareavailable
inthicknessesfrom 1.5 mil to’5 mil.[®! Shielding effectivenessismeasured
asattenuationin dB at several frequencies, for example, from 1 MHz to 20
GHz. Valuesfor several ARclad® shielding tapes are given in Table 5.13.

The electromagneti ¢ shiel ding effectiveness of anickel-graphitefilled
silicone gasket with and without an EMI adhesive, measured over awide
frequency range, isshown in Fig. 5.20.[47 Test methods and requirements
for the control of EMI may be found in MIL-STD-461.148

5.2.10 Optoelectronics

Adhesives, especially those that cure on exposureto UV /visiblelight,
areused inamyriad of optoel ectronic (OE) applications among which are
active and passive optical fiber alignment and coupling, charge-coupled
device (CCD) attachment, lens bonding, fiber tacking, fiber strain relief,
laser assembly, and light-emitting diode (LED) attachment. Adhesivesare
contributing toreducing thecost of assembling and packaging optoel ectron-
ics by facilitating the alignment and coupling of optical fibers with laser
diodes, lenses, and other optical parts.

Table 5.13. Shielding Effectiveness of EMI Tapes

Attenuation at Frequency (in dB)
1MHz | 500MHz | 1GHz 18 GHz

ARclad® 5795 (5-mil
Al foil/acrylic adhesive)

ARclad® 6738 (3.5-mil
Al foil/acrylic adhesive 93 65 82 52
on Cu carrier)

Flexshield® 8269 (4-mil
Cu foil/acrylic adhesve
on Ni/Cu/polyester
carrier)

55 71 85 49

102 90 90 80

Source: Technical data sheets, Adhesives Research, Inc.
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Figure 5.20. Electromagnetic shielding effectiveness of Cho-Seal S6305 gasket
with and without CL-130 pressure sensitive adhesive. (Source: Chomerics, Div.
of Parker Hannifin Corp.)

Precisionalignment and attachment of optical fibersto couplethemwith
lenses, transmitter and receiver components, and laser diodesisstill largely
amanual, labor-intensive process. Optical fibers must be aligned to insure
that the optimum amount of light is transmitted between the fiber on the
outside and the laser, photodiode, or other optical component ontheinside
of apackage. Alignment may be active or passive.[*¥] |n active alignment,
the device is powered while a precision stage adjusts its position until
maximum coupling is measured. The positioned components must then
quickly and permanently befixedin place, for exampleby adhesivebonding,
soldering, or welding. Passive alignment relies on selecting materials and
processesthat have precisetol erancesand known controllable dimensional
changes after assembly.

Once in place and bonded, the bonding material must not change
dimensionally, otherwisel ossof coupling power occurs. Althoughmetal lur-
gical attachments (solder or laser welding) are used and are dimensionally
stable, they require high temperatures or special, expensive equipment.!>)

Ultraviolet-light—curing adhesives that can reduce costs and be more
easily manipulated than solder or other metallurgical attachment methods
are being widely explored as alternates. The greatest benefitin using UV-
curing polymer adhesivesisthat the adhesivewill not cureuntil exposed to
a UV source, thus curing is “on demand” allowing sufficient time for
alignment and measurements. However, as with all polymeric materials,
thermal expansi on, shrinkageduring cure, and continued dimensional changes
occur during aging, thermal exposures, and humidity absorption. Inspiteof
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this, good resultshave been obtained with some UV -curing adhesives. Inthe
assembly of 1 x 8 collimator array with a1 x 8 lensarray, Zhou et al.,[>1
measured coupling lossesasafunction of adhesivethicknessand displace-
ment after curing. The coupling lossfor three UV -curing adhesives evalu-
ated waslessthan 1.5 dB for al channels, and the variation among all eight
channelswaslessthan 0.5 dB. A list of some commercially available UV-
curing adhesives and their properties is given in Table 5.14. In active
alignment processes, cyanoacrylate adhesives have been used for rapid
tacking, but have had to be reinforced by laser wel ding because of the poor
adhesive properties of cyanoacrylates in high humidity and temperature
environments. Thermosetting adhesives such as epoxies provide excellent
bond strengths, but require elevated temperatures and extended times to
cure. The use of rapid setting UV -cured adhesivesfollowed by ashort heat
cure holds promise of meeting all requirements.

Passivealignment of fibersholdsmorepotential for reducing coststhan
active alignment, but requires greater attention in selecting and processing
materials so that they maintain tight dimensional tolerances and result in
repeatabl e high efficiency signal propagation. Sinceadhesivesand polymer
materialsingeneral, have high CTEsaswell asCTEsand T, that vary with
degree of cureand small changesin composition, the choice and control of
theadhesiveiscritical.

One study of afiber pigtailed module illustrates the extensive use of
adhesivesin itsassembly.[5? Optical fiberswere assembled and coupled to
laser diodeson both precision-machined siliconandinjection-mol ded plastic
substrates. V-grooveswereformedin the substratesto contain and position
thefibers. A second cavity wasformedin-linewiththeV-grooveto contain
the laser-diode chip. Electrically conductive, electrically insulative, and
thermally conductive adhesives and both heat-cured and UV -cured adhe-
siveswere al used at various stages in the assembly and alignment. First,
thelaser-diode chipwasattached to the substratewith Epoxy Technology’s
Epo-Tek® H20E, asilver-filled epoxy, which al so provided an ohmic contact
between then-portion of thediode and aconductor at the base of the cavity.
The p-contact was made by bonding with a 1-mil-diameter gold wire. The
wire-bonded contact was reinforced with a small drop of the conductive
adhesive. Theadhesivebondlinethickness, combinedwitha100 pm copper
shim, providedtheexact vertical aignment for thediodechip. Thesubstrate
was next mounted onto an L-shaped metal submount with a thermally
conductiveadhesive (Epoxy Technology’ sEpo-Tek 353ND T).



Table 5.14. Examples of UV-curing Adhesives

Cur e Depth

Bond Strength*

CureTime

Adhesive/Chemistry| Supplier (inch) (psi)/subsirate Cur e Conditions or Belt Speed Application
Dymax® OP-60/ uv (50_21 0 60 sec Optical bonding where precision alignment
<0.125 4,000/N/A mW/cm? at : -
urethane acryl ate 300-500 nm) (tack-free) and no movement after placement isrequired
Dymax® Light
Weld 931/ 0.5 2,053/N/A UV light 5sec Coil termination and wire tacking
urethane acrylate
Dvmax® 911/ Strain relief and wire/parts tacking (PCBs)
Y 0.12 3,000/N/A UV light or heat <10 sec where resi stance to wave-solder profilesis
urethane acrylate required
Dymax
Dymax® 9-20265/ & N/A 3,000/ UV light <5sec High-speed surface-mount adhesives
modified acrylate steel-steel
Dymax® 991/ UV light, heat or . . o
modified urethane 0.10 2,500/N/A adtivator <5sec Thermal-transfer adhesives for heat sinking
<3 min @ 150°C High throughput SM T bonding for large
Dymax® Multicure® or 1020 secsof | components requiring high green strength; 996
3,000 (995) and ; ; -
995 and 996/ N/A 4 bOO (996)/N/A UV light or heat low-intensity isused for high dot profile (Tl = 5) and 995 is
modified urethane ’ 365 nm UV used for maximum throughput (TI = 3.5);
exposure compatible with screen and pin transfer

*Tensile strength, unless indicated; N/A — Not available. (Source: Compiled fromsuppliers' technical data sheets.)

(cont'd.)




Table 5.14. (Cont'd.)

- . . CureDepth | Bond Strength* . CureTime I
Adhesive/Chemistry| Supplier (inch) (psi)/substr ate Cur e Conditions or Belt Speed Application
Ablelux® A4025/
N/A N/A N/A UV (>50 mw/cm? NIA Ontical. fiberontic. and optod e devi
tical, fiberoptic, and optoel ectronic devices
Ablelux® A4OBLT/ | o 2,600 (dieshearyl | @385.0m) or 5 sec P P P
N/A glasg/stainless) (>100 MW/c? @ (tack-free)
Ablelux® A4086/ 0.5 (unfilled) 470 nm) Optical, fiberoptic, and optoel ectronic
N/A 0.25 (filled) | Or0/dlasvglass N/A assembly
Lite-Lok 463/ Bondmaster 0.004 380/sted! UV (315-400 nm, N/A Tough and flexibl e adhesi ve for applications
urethane acrylate ’ 200 mw/cm?) requiring thermal cycling
Loctite 3525/ 1,480/ steel/ 50 mW/cm?, 365 General purpose bonding of awide range
modified acrylic 0.08-0.50 glass nm 10-15 sec of substrates
L octite 3526/ 0.5 2,720/ steel/ 30-50 mwi/cm?, <5 sec General purpose bonding of awide range
modified acrylic (maximum) sted 365 nm = of substrates
Loctite 3338/ Loctite 50-100 mW/cm?, Bonding and tacking applicationsin
epoxy N/A 9,015/N/A 365 nm sSeec low-outgassing applications
10-20 secs ) .
Hysol® UV 702 024 100/_ glass/ (6 MWicn? @ N/A Bon_dmg of lenses, prisms, v-grooves and cther
stainless 365 nm) optical components with small gaps (<25 pm)
TRA-COAT 611 TRA- 0.005 2,800/ N/A 300 W/in UV 5-10 fpm Bonding fibers or other photonics
CON ; -
TRA-COAT . Fiberoptic, glass, and general-purpose
WCC2B 0.200 2,500/ N/A 200 W/in UV 5-10 fpm bonding
*Tensile strength, unless indicated; N/A —Not available. (Source: Compiled fromsuppliers' technical data sheets.)

(cont'd.)



Table 5.14. (Cont'd.)

: . . CureDepth | Bond Strength* e CureTime -
Adhesive/Chemistry| Supplier (inch) (psi)/ substrate Cur e Conditions or Belt Speed Application
10 mw/cn? Fiberoptic joining, structural bonding, coil
ELC 4480 N/A 3,000/ N/A (365 nm) 2-30sec terminating
Electro- m
Lite ; e
ELC 4195 0.003 N/A 200 VQ”'”' 10 (depending on Surface-mount adhesive
mw/cm? (365 nm) .
thickness)

LiteFast™ e 300 W/in

A-1000/ Tech- N/A 1,200/ N/A 350400 nm 2sec Medical bonding applications
polyurethane

nology
UVIBOND® 7100/ | Aptek N/A N/A 1.30 Joules/cm? 5 General electrical/electronic applications (low
Urethane Labs. UV radiation pm ionic impurities)
UVIBOND® 7101/ | Aptek N/A N/A 2.20 Joules'cm? 10fom General dlectrical/electronic applications (Low
Urethane Labs. UV radiation P ionic impurities, flexible adhesive)
UVISTAKE® 5 . . .
7205L M-PME/ Aptek N/A N/A 75 Joul_es/pm uv 1fpm GeneraJ_ ele_ctrlcaI/eIectronl c _stakmg
Labs. radiation applications (low outgassing)
Urethane
5 sec, 400-500
nm (visible),
400-500 nm . - . .
LC-1210/acrylate | 3M Co. ~04 3,180/ N/A (visible) 0.28 sec (single oy ble d%tf"m'o” curing _tgrk?ugg
250-380 nm (UV) pass), 25 fpng -opague substrates, semi-rigid bon
3.336 W/cm
(D line)

*Tend le strength, unless indicated; N/A — Not available (Source: Compiled from suppliers' technical data sheets.)

(cont'd.)



Table 5.14. (Cont'd.)
: h ) Cur e Depth | Bond Strength* - CureTime I
Adhesive/Chemistry| Supplier (inch) (ps)/ substrate Cure Conditions or Belt Speed Application
5 sec, 400-500 nm
400-500 nm (visible), 0.28 sec g o .
LC-121Vacrylate ~04 1,420/ NIA (visible), (single pass), 25 U sible desp-section auring through
250-380 nm (UV) | fpm 3.336 W/cm? paq &5,
(D line)
10 sec, 400-500
400-500 nm nm (visible), 0.28 i — .
LC-1212acrylate ~04 4,500/ NIA (visible), sec (single pass), D15 ble deep section curing through
250-380 nm (UV) 25 fpm 3.336 paq €S, g
Wien? (D line)
3M Co.
10 sec, 400-500
400-500 nm nm (visible), 0.28 - . .
LC-1213/acrylate ~04 1,930/ N/A (visible), sec (single pass), v geu%eﬂ;ﬁg‘ aung thiough
250-380nm (UV) |  25fpm3.336 paq
W/cm? (D ling)
5 sec, 400-500 nm
400-500 nm (visible), 0.28 sec - . .
i : UV-visible degp-section curing through
LC-1214/acrylate ~04 1,320/ N/A (visible), (single pass), 25 3 )
250-380 nm (UV) | fpm 3.336 Wicn? UV-opaque substrates, very flexible bond
(D line)
* Tensle strength, unlessindicated; N/A —Not available. (Source: Compiled from suppliers’ technical data sheets.)
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The fiber was aligned with the laser by inserting it in the groove and
positioningittowithin 30 um of thelaser. Thefiber issupported by thesharp
edges of the groove such that it does not touch the bottom of the groove.
After positioning to obtain the maximum coupling efficiency, thefiber was
bondedinplaceusing several dropsof aUV -curing adhesive (L octite 3525)
which cured in 10 seconds on exposureto aUV light source. In dispensing
theadhesive, spreadingwascontrolled soit did not completely fill thegroove.
The assembled moduleisshownin (Fig. 5.21).

5.2.11 Smart Cards

Electrically conductive adhesives are being used to interconnect flip-
chipdevicesinsmart cardsresulting in thinner and smaller structures. Flip-
chipsilicondevicesthat have beenthinned to several milsmay beconnected
toasubstratewithsilver-filled pasteepoxy or with anisotropicfilmadhesive
instead of solder, then embedded and|aminated toformacardthat islessthan
40-mils thick. Requirements for adhesives used in smart cards, in many
respects, are more severe than those for other commercial applications.
Besideshavingtowithstand high humidity and temperatureextremes, smart
cards must take the continued abuse of human handling, repeated bending,
exposure to human sweat and salt residues, and exposure to ultraviolet
radiationfromsunlight.

Figure 5.21. Fiber pigtailed module using precision-machined substrate for
laser-to-fiber passive alignment.[52
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In one study,®¥ a series of smart cards was fabricated in which the
microchip was attached and laminated with three anisotropic-conductive
adhesives and one silver-filled paste adhesive. The anisotropic filmswere
hot-melt typesall filled withrigid silver-coated glassparticles, but differed
inthe polymer matrix. Polymer matricesincluded thermoset nitrile rubber/
phenalic resin, thermoplastic polyester, and thermopl astic pol yetherimide.
The paste adhesive was a silver-filled, one-part, 100% solids, modified
acrylic that was used with an insul ative thermoset nitrile/phenolic film. A
series of accelerated tests was used as shown in Fig. 5.22. Tests included
functional testing beforeand after subj ecting partstotorsion, bending (upto
1,000 cycles), temperaturecycling, thermal shock, tropical conditions, low
and hightemperatures, chemicals,and UV irradiation. Inaddition, scanning-
acoustic microscopy (SAM) was used to study the adhesion between the

Manufacturing of cards
e 4 different adhesives
e 2 different antennas
¥
[ Functional testing (ATR, ATS) 1
. Thermo || | Tropical Low
Torsion . ACHS
150 10373 Mfz:lmg - :f_cmpm
v v v [
V- .

Bending 'I:;‘eor;?co Chemicall light g’ gh
O™ 4 | v sTsssf]] 50 1097 umth‘ wtggad
l Functional testing (ATR, ATS) |

Bending stress Torsion stress
(half of the cards) (half of the cards)
1S0 10373 1SO 10373
v ¥ % ¥
Functional testing (ATR, ATS and mechanical) |
¥
Functional testing
(ATR. ATS and mechanical 72 hours after treatments)

Figure 5.22. Accelerated reliability tests for smart cards. (Source: VTT Electronics.)
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chip and antenna structure after the environmental tests. Functional tests
were Answer to Reset (ATR) and Answer to Select (ATS). In general,
parts assembled with the thermoset polymer binder passed all mechanical
and functional testswhilethe partsthat employed the thermopl astic aniso-
tropic adhesivesdisplayed many failures.

Thereliahility of these cards has been reported to be quitegood. VTT
Electronics reported extended bend cycles up to 17,500 at which point the
card plastic fractured, but electrical interconnects were still sound.

5.2.12 Lid Sealing

Adhesives can be used to attach and seal lidsto avariety of ceramic or
metal packagesinlieu of ssamwelding, soldering, or glassattachment (Fig.
5.23). As with other applications, the main advantage of using polymer
adhesives is low cost. In lid sealing with adhesives, there are the added
advantages of ease of delidding for rework, avoidance of metal-particle
contamination from solder or welding processes, |ow-processing tempera-
tures(<165°Cfor curing), and low-cost equipment. Both pasteand preform
insulativeadhesives, typically epoxies, modified epoxiesor silicones, have
been used. B-staged epoxy preformsand thermoplasticfilmsareconvenient
since the preform can be cut to size, tacked onto the lid, then stored at |ow
temperatureuntil ready for use. With preforms, thereisal so better thickness
control than for paste adhesives.

Sedling with adhesives does not provide the long-term hermetic
properties associ ated with seam wel ding. Some adhesives suppliersreport
passing a1l x 10°® cc/sec helium leak-rate after 100 hours exposure to 90%
RH and 32°C.[% Otherd® demonstrated reliable use of epoxy-seaed

Figure 5.23. Cross-section of cavity package with epoxy-attached lid. (Source:
Epoxy Technology.)
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hybridmicrocircuitsfor radioand communi cation systemsusedin commer-
cial aircraft. Packageswere 1 x 1inch, ceramicflat packswith ceramiclids.
The environment was that of the cabin aircraft which was rather benign.
Hyhbridmicrocircuitssealedwith Ablefilm® 507 initially passed both thefine
leak test (<5 x 10°" atm-cc/sec) and the gross leak test according to MIL-
STD-883, Method 1014, Condition C. Actual field data demonstrated
reliable performancefor aircraft cabin environments. Although analysisof
packages recovered from aircraft after three years of service showed the
presenceof moisture, someinamountsgreater thanthemaximum 5,000 ppm
specified in military specifications, no failures could be attributed to the
presence of moisture. The internal condition of the circuit showed no
corrosionevenonthethinfilm, closely spaced aluminum conductors. It was
concluded that the circuits were very clean and that moisture alonein the
absence of ionic contaminants did not affect thereliability of the modules.
However, a moisture requirement is still considered important since the
cleanlinessof circuitsproduced by different suppliersor by thesamesupplier
for different batches cannot be guaranteed.

For military, high-reliability, and ground-based applications, where
humiditiesupto 100% and temperatureextremesfrom sub-zeroto50°Care
encountered, there would be considerable risk in using adhesive-sealed
packages. Sealed microcircuits must pass a series of mechanical and
environmental testsfor both qualification and acceptance prior to moisture
analysis. In a study performed for NASA, MSFC,[%8 the permeation of
moisture through epoxy-sealed packages was measured by enclosing
calibrated moisture sensors in the epoxy-sealed packages and subjecting
them to 98% RH and 60°C. Although the moisture content remained low
(lessthan 1,000 ppm for the first five days), an abrupt and linear increase
occurred at theend of thefifth day, and it continued to increase (Fig. 5.24).
The latent period of 4-5 days may be explained as the time that was
necessary for moisture to saturate the epoxy adhesive, traverse the width
of the bond, and be released at the other end into the package.

5.2.13 Power Circuits and Power Devices

Inpower circuitsor power devices, heat must beremoved by convection
by blowingair acrossthepart, by conductionthrough several solid materials
and interfaces to a heat sink or heat exchanger, or by a combination of
conduction and convection. If heat transfer depends solely on conduction,
the adhesive used for attachment is often the limiting factor providing the
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Figure 5.24. Moisture permeation through epoxy-sealed ceramic package.!5®!

high thermal impedance compared to solder, metal s, or ceramic interfaces.
Generally, heat must flow through several materialsand interfaces, each of
which contributesitsownthermal resistance. A simplethermal analysiscan
be performed based on aknowledge of thethermal conductivitiesof each of
the materials, their thicknesses, and contact areas. The total thermal
resistance is calculated by adding the individual resistances in a manner
similar to conducting an electrical circuit analysis. Thus, if apower device
dissipates5W/cm? and thedifference between thedevicejunction tempera-
ture and the backside temperature of a package must be kept at less than
20°C, the total impedance must not exceed 4°C/watt. In a typical case
whereasilicon | C isattached to an al uminaceramic substrate that, in turn,
is attached to the inside of a metal or ceramic package, the two epoxy
interfacescan easily contribute 2.5°C/watt to thetotal resistance. However,
somesilver-filled epoxiesarereported to have high thermal conductivities,
thus contributing 0.6°C to 1°C/watt.[5 Actual measurements may differ
considerably from cal cul ated values because of reported thermal conduc-
tivitiesthat differ fromtheactual, differencesinthethicknessesof bondlines,
voids in the adhesive, and incomplete mating of surfaces. Further in the
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analysis, the effects of lateral flow of heat and interactions of heat flow
among adjacent components are often neglected.

In practice, several techniques can be used to maximizethedissipation
of heat. Of course, solder and other metallurgical attachments provide the
lowest thermal resistance but, where adhesives must be used, those having
the highest thermal conductivities should be selected. Some silver-filled
adhesives, formulated with unique suspensions of silver, resin, and carrier
fluid arereported to havethermal conductivitiesof 20 W/m-K %8 approach-
ing those of ceramics and some metals. An adhesive having a high silver
loading is produced once the carrier fluid has been removed, and the
adhesiveisfully cured.

Toassureoptimum conductance, theadhesivemust beapplied asthinly
and uniformly aspossible. To control the thicknesses bondlines, thermally
conductive paste adhesives have been formul ated with collapsibl e spacers.
The spacers are reported to control bondline thickness to 1.2 mils. These
adhesives were devel oped for stacked die packages, but may also be used
to attach 1Cs and other devices to substrates in plastic BGAs, CSPs, and
array packages based on flexible tape or plastic laminates.[>® Bondline
thicknesses and uniformity may also be achieved by using film or preform
tape adhesives and controlling the applied pressure and heat during cure.

Lastly, a technique that has been used for many years involves first
eutecticor solder attaching high-power devicesto small heat spreaderssuch
as molytabs( gold-plated molybdenumtabsthat arethesamesizeor slightly
larger thanthedie). Thermally conductive adhesiveisthen used to attached
the die-tab parts to a ceramic or laminate interconnect substrate.
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6 Reliability

Thereliability of an adhesive and itsimpact on the performance of an
electronic assembly should be considered in the initial selection of the
adhesive and the design of the system. The function that the adhesive must
perform for a specific application, the environment it is expected to
encounter, and its duration are all important. Various approaches may be
usedtopredict and assurereliability. Key among theseapproachesisabasic
understanding of possible failure modes and mechanisms. Most failure
modes attributed to adhesives are now well understood and documented so
that they can be avoided in the initial selection and qualification of the
adhesive and in its processing.

Secondly, accel erated testscan beusedto qualify adhesivesfor specific
applications, and thedatafromthem can sometimesbeextrapol ated tolong-
term, real-time performance. Accelerated tests are also valuable as screen
tests and as acceptance tests and are specified in material-procurement
documents or in hardware acceptance specifications. Adherence to mate-
rial and process specifications and their quality-control provisionsis an
essential elementinassuringreliability. Lifepredictionthroughmodelingis
yet another approach, but it is outside the scope of this chapter.

Lastly, there are extensive databanks of real-time performance for
adhesives that have been used in numerous applications, various environ-
ments, and for extended periods of time—the so-called heritage data.

6.1 FAILURE MODES AND MECHANISMS

The mgjor failure modes of adhesives include loss of adhesion, high
thermal impedance, loss of electrical contact, and corrosion. To a lesser
extent, failuresmay occur because of metal migration causing high leakage
currents and even electrical shorting. Sloughing of particles from the



350 ADHESIVES TECHNOLOGY FOR ELECTRONIC APPLICATIONS

adhesiveduringvibrationisal soknowntodamagewirebonds, finewire, and
thin-filmmetallizationin seal ed packages, causing opensor shorts, depend-
ing on the type of particle.

6.1.1 Loss of Adhesion (Delamination)

Loss of adhesion or loss of mechanical strength may result from
cohesive failure within the adhesive or adhesive failure at the bondline
interfaces, such as between the adhesive and the substrate or the adhesive
andthedevice. Adhesionfailuresresultindel aminationor separation of ICs,
substrates, packaged devices, heat sinks, or other attached parts. It is
important that the mechanical strength of adhesivesbe maintained over the
operational lifetimes of the bonded parts and at elevated temperatures or
other environmental conditions.

Reliability requirements may be classified as short term or long term.
Thus, delamination may occur shortly after curing due to contaminated
surfaces, improper ratios of adhesive-curing agents, or inadequate cure or
later during environmental stresstesting. Short-term requirementsinclude
mai ntai ning mechanical strength under conditions encountered during the
assembly, processing, andtesting of electronicmodules. Long-termreliabil -
ity requires maintaining adhesion strength after repeated thermal cycling,
elevated-temperature exposure, or temperature-humidity exposure. Me-
chanical reliability for die or substrate attachment over time may be
determined by comparing die-shear strength or lap-shear strength before
and after aging or after exposureto actual - or accel erated-stressconditions.

Delaminationmay becompleteor partial. Completedel aminationresults
in gross separation of the device, substrate, or other adherend. Partial
debonding can result in device or substrate cracking with compl ete detach-
ment occurring in time. Numerous factors and mechanisms contribute to
delamination, someof which are:

* Selection of an adhesive, whose adhesive or cohesive
strengthisinitially marginal or poor. Inthecaseof two-part
systems, poor strength may be dueto using non-stoi chio-
metric ratios of resin to hardener.

» Insufficient cure time or temperature, leaving unreacted
resinor hardener or excessivecureconditionsresultingin
embrittlement.
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» Insufficient cleaning leaving surface contaminants that
reduce wetting (resin bleedout or volatile outgassing that
redeposits on surfaces).

« Insufficient or nonuniformadhesivecoverage(generally,
aminimumthicknessof 2milsisrequired). Nonuniformor
insufficient pressurein applyingfilmadhesives.

e Stresses due to large mismatches in the CTEs of the
adherends or residual stresses due to shrinkage during
cure.

» Adhesiveshavingtoohighortoolow amodulusfor thesize
of the device.

» Voids in the bondline due to entrapped air, moisture,
solvents, or low-molecular-wei ght vol atilecompounds.

» High amounts of absorbed moisture in the die-attach or
underfill adhesive.

Of these failure mechanisms, the major ones associated with delamination
include contaminated surfaces, inadequate adhesive coverage, stresses,
voids, and moisture absorption. Many of these mechanisms are aso
responsiblefor other failure modes besides del amination.

Contaminated surfaces and poor wettability. A magor cause of
delaminationispoor wettability of liquid or paste adhesives, or insufficient
contact and surfacewetting for filmadhesivesbecause of low or nonuniform
pressure applied during cure. In either case, inadequate cleaningisaprime
cause of partial or complete separation of the adhesive fromthe device, the
substrate, or both. Besides the normal contaminants from processing or
handling that may remain because of inadequate cleaning, contaminants
may beintroduced during cure. Contaminantsmay consi st of sol vents, epoxy
diluents, siliconefragments, or other |ow-mol ecular-wei ght compoundsthat
volatilizeand deposit ontodie-bonding pads, |eadframefingers, top of thedie,
or bottom of the die pad in single-chip packaging or onto substrates in
multichip packaging. In the case of |leadframe attachment, redeposited
volatile materials reduce adhesion of the subsequently applied molding
compound, effectively acting as arelease agent. Reduced adhesion occurs
because residues as thin as 70 to 500 angstroms are enough to “coat” the
highly polar and reactive surface groups such as free hydroxyl or oxide
groupsthat normally form strong bondswith the adhesive. Depositionson
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the bottom of leadframes can occur when parts are stacked in magazines
and cured in an oven. In comparison, parts cured on a hotplate showed
excellent resistance to delamination.[Y Vol atile diluents from epoxy adhe-
sivesmay also deposit onthewallsof curing ovensand then redeposit onto
other parts being cured in the same oven.

Adhesive coverage. Poor adhesion and delamination can also result
fromdispensinginsufficient adhesiveto cover theentirebondline(Fig. 6.1).
Generally, aminimumthicknessof 2 milsisrequired. A visiblefilletaround
two or more sides of an attached die or substrate provides assurance that
sufficient adhesive has been used and has spread and covered the bondline.
In fact, the appearance and extent of fillet is an inspection criterion for the
acceptanceof high-reliability circuitsasdefinedinMIL-STD-883, Method
2010for monolithiclCsand M ethod 2017 for hybrid microcircuits. Accord-
ing to these methods, at least 75% of thefillet should be visible along each
sideof thedevice. Applying auniform thicknessisal soimportant. Nonuni-
form thicknessesresult in tilted deviceswith the potential for cracking and
separation.

Stresses. Besides inadequate cleaning, the second most common
cause of delamination is stress buildup in adhesive joints due to residual
stresses generated during thermal curing and cooling or to those resulting
from large mismatches in the CTEs of the adherends. It should be noted,
however, that although adhesives can contribute to stresses and failures,

The rale of improper dispensing of material in producing voids

Void
y

.

Too much material  Correct amount  Too little material

Figure 6.1. Accept/reject criteria for adhesive coverage. (Courtesy CALCE
Electronic Products and Systems Center, Univ. of Maryland.)
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they may also absorb, dissipate, and reduce stresses. An exampleis their
wide and indispensable use as underfills for flip-chip devices. Figure 6.2
compares the reliability of flip-chip devices with and without underfill
adhesives showing the dramatic advantage of the underfillsin dissipating
stresses generated during temperature cycling.[?

Residual stress. Residual stresses may be measured from the radius of
curvature of the warpage that occurs on a substrate when the adhesive is
cured on that substrate. The bending stress, S, isinversely proportional to
theradius of curvature, R, and directly proportional to the modulus, E, and
the thickness, h, of the adhesive according to:

Eq. (6.1) S = EW2yR

where yis Poisson’ sratio.

High-modulusadhesivesarelikely to have high bending stresses, high
deflections, and low radii of curvature. Asexamples, atypical silver-filled
epoxy with adeflection of 3pmhad alow radiusof curvatureof 1,070 mm{S!
and a cyanate-ester adhesive reported to have a high modulus of 10,000
MPahad aradius of curvature of 5,000 mm.[!
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Figure 6.2. Reliability of flip-chip devices with and without underfill.
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L ow-modulus adhesives, on the other hand, have low deflections, low
bending stresses, and high radii of curvature. For example, silicones and
other elastomeric adhesiveshavel ow deflectionsof approximately 0.01 um
and radii of curvature of over 125,000 mm.

Stress build-up in bonded devices may also be characterized over a
temperature range as a function of the coefficients of expansion of the
adhesive and of the substrate according to the following one-dimensional
model [

Eq. (6.2) Og = &xEy=(a,-ag) XE; x AT

where: og = stressonthesilicon
&, = strain of the adhesive
E, = modulusof theadhesive
a, = CTE of the adhesive
ag = theCTE of silicon
AT = temperature difference
Y et, athird equation definesmaximum stressfor rectangul ar devicestaking

intoaccount thesizeof thedevice, bondlinethickness, and cureand exposure
temperaturesin addition to modulus and CTEs.[®]

E.E
Eq. (6.3) S = K (g, —ag XT, - T),[ =2 =

L

where: S, = maximum stress
K = geometric constant related to shape and filleting
Oy, = CTE for the substrate
og =CTEfor thesilicondie
E. =modulusfor the adhesive
Egp = modulusfor the substrate
L =length of thedie
x =bondlinethickness
T, = cure temperature
T =application (exposure) temperature
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Based on these equations, stresses that can result in failures are afunction
of many parametersincluding modul usof el asticity, expansion coefficients
of the adhesive and adherends, glass-transition temperature, curetempera-
ture, operating or exposure temperatures, and bondline thickness.
Modulusof elasticity. The modulusof elasticity, also known astensile
elastic modulusor Y oung’' s modulus, isthe stress required to produce unit
strain. The modulusis measured by pulling asample of the cured material
in a tensile-testing machine while measuring the change in length by
attaching an extensometer to the sample. The stress (force per unit area)
divided by thestrain(changeinlengthnormalized by theinitial length) isthe
elastic modulus. In flexural modulus, abending stress instead of atensile
stress is applied, the deflection produced is recorded and the modulus
calculated from the ratio of stress to strain. The method applies only to
materials within the elastic region, that is, where applied forces do not
irreversibly stretch the material. Thus, modulusisameasure of therigidity
or flexibility of adhesives—animportant parameter in selecting the type of
adhesiveto usein various semiconductor packages. Moduli canrangefrom
less than 30,000 psi to greater than 1 million psi at 25°C. In all cases, the
moduli decreasewithincreasing temperature. Thosethat decreasethe most
areclassified aslow-modulustypes(Fig. 6.3). Adhesiveshaving thelowest
moduli at both room temperature and at el evated temperature generate the
lowest stresses and are especially useful in preventing delamination and
cracking in thin plastic packages such as thin quad-flat packages (TQFP).
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Figure 6.3. High, low, and intermediate modulus curves as a function of tempera-
ture. (Courtesy Ablestik, a National Starch and Chemical Co.)
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Stressesin adhesive-attached die become critical asthe size of thedie
increasesand asdissimilar adherendsareused. Silicondie, smaller than 100-
mil square, attached with high-modulus adhesives to |eadframes or other
substrateshave been quitereliableevenwhenlargedifferencesinthe CTES
of the adherends exist. However, for large devices (greater than 300-mil
square) low-modulus adhesives are necessary to absorb or dissipate
stresses.[”]

Inonestudy, adhesiveshaving variousmoduli rangingfromhightolow
were evaluated for bonding ferrite cores and magnetic devices to low-
temperature, cofired-ceramic (LTCC) substrates. Two adhesives having
highmoduli of 1.3 x 106 psi at 25°C (35,000-40,000psi at 125°C) displayed
the highest stresses at 25°C and produced cracks in the substrates. An
intermedi ate-modul usadhesivehad al ower stresswhilethelowest-modulus
adhesive (19,000 psi) displayed the lowest stress and produced no failures
(Table6.1) 8119

L ow-modulusadhesivesproducelow bending stressesand have higher
radii of curvaturethanintermediate- or high-modulusadhesives. Theradius
of curvatureof partshondedwithlow-modulusadhesivesincreaseswiththe
size of the die. Post-cure-temperature exposures such as those subse-
quently encountered duringwirebonding or molding alsoincreasetheradius
of curvature indicating stress relaxation in the adhesive by an annealing
mechanism.[1

CTE mismatches. Large mismatches between the expansion coeffi-
cients of the adhesive and the two adherends have been the primary cause
of numerousfailuresresulting inhigh stressesand cracking or delamination.
Unfortunately, the CTEsof most polymeric materialsare much higher than
those of the ceramic substrates or silicon devices that are used. Further
contributing to stressesisthe often abrupt increaseinthe CTEsof adhesives
and other polymers that occurs at and above the T;. Since the thermal
expansion coefficients of adhesives below the T, may range from 25-100
ppm/°C (that is, greater than the CTES of the device or substrate materials)
stressesin bonded partsare compressiveonthedieand substrateandtensile
inthe adhesive.

Where the adherends have closely matched CTEs as for silicon die
(CTE = approx. 3 ppm/°C) attached to Kovar® |eadframes (CTE = approx.
5 ppm/ °C), ahigh-modulus adhesive could be used. AsKovar |eadframes
werereplaced by copper leadframes(CTE=16-17 ppm/°C), low-modulus,
stress-free adhesives were required to compensate for the large mis-
matchesin CTEs. Large CTE mismatches also occur when silicon devices
aredirectly attached to epoxy printed-circuit boards asfor COBsor CSPs.



Table 6.1. Effect of Modulus, Expansion Coefficient, and Temperature on Adhesive Stress!®l®]

Propert Adhesive A Adhesive B Adhesive C Adhesive D
perty (High M odulus) (High M odulus) (Intermediate M odulus) (Low M odulus)
(Toecn)"perat“re 550 | 25° | 125° | -55° | 25° | 125° | -55° | 25° | 125° | -55° | 25° | 125°
AT (150 - Tiso) 205 125 25 205 125 25 205 125 25 205 125 25
CTE (a, 0r ay) 40.3 | 40.3 | 119.9 259 | 36.1 117.0 | 37.8 37.8 116.1 33.2 167.4 | 159.3
. 161x [1.31x 1.73 x | 1.29 x 2.59 x
M odulus (psi) 10° 10° 35,000 10° 10° 40,000 |621,000( 432,000 |15,000 10° 19,000 (12,000
Stress* (psi) 10,000 | 4,962 | 96 5,639 | 4,209 107 3,539 1,501 40 12,318 | 373 45
5 -
f/rooienedagﬁgg Ce A - - - 436 | 15.2 115 64.6 69.8 58.3 23.2 925 | 531
value ) : (increase) ) ) ) (increase) ) )
Lowest possible 3,030 0 1,201 373
cure stress (psi) - |(125°Cc| - - (25°C - - (125°C - - (150°C)| ~
(25°C only) cure) cure) cure)

*Stress = (Qadns - Osub) X 1078 X (Teuwre — Tuse) X Modulus (-55°, +25°, +125°C), where ag,, = 10 ppm/°C for ferrite cores and dagns
(above or below T, respectively). (Copyright ©1999 IMAPS — Internationa Microelectronics and Packaging Society, and
2001 by Elsevier Press. Reproduced by permission.)




358 ADHESIVES TECHNOLOGY FOR ELECTRONIC APPLICATIONS

Voids and moisture absorption. Two other related factors that can
cause delamination are voids and moisture absorption. Voids can be
generated during theattachment processand may result from dewetting, the
entrapment of air, or thevolatilization of absorbed gasesduring curing. Voids
may al so beproduced during cool-downfromheat curingif shrinkageoccurs
with separationfromthe substrate. Thedistribution and size of voidsacross
thebondlayer determinetheeffectsthey might haveondeviceperformance
(Fig. 6.4). Generally, small random voids have a minor effect on both
mechanical strength and thermal conductance. Large, contiguousvoidsare
detrimental to both mechanical strength and thermal performance.

Acousticmicroscopy isawidely used methodfor analyzing theintegrity
of adhesive bondlines. Acoustic microscopy is based on the fact that each
material has an acoustic impedance designated as:

Z=.,/Kp
whereK isthe bulk modulus and pisthe density.!'] Acoustic reflection at
interfacesis based on thefollowing:

« Ultrasound propagating from a high acoustic impedance
material to alower impedance material that produces a
negativereflection.

 Ultrasound propagating from amaterial of low acoustic
impedance on top of a high impedance material, thus
generating apositivereflection.

AW ekl |
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Figure 6.4. Types of die-attach voids. (Courtesy CALCE Electronic Products and
Systems Center, Univ. of Maryland.)
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When voidsare present in abondline or when delamination occurs, the
air that fillsthe voids has an acoustic impedance of 0 kg/m? sec and alarge
amplitude and total negative reflectance occurs. Most polymeric materials
have acousticimpedancesof 2.0t0 4.5 x 10°kg/m?sec compared to copper
(42 x 10° kg/m?sec) and silicon (20 x 106 kg/m? sec). Examples of acoustic
mi crographs showing voids and delamination in an adhesive bondline are
pictured in Figs. 6.5 and 6.6.

M oi stureisabsorbed by adhesivesand other plastic material stovarious
degrees and can accumulate in voids within the bondline during assembly,
testing, and operation. Theabsorption of moistureinadhesivesaswell asin
other polymeric material s, such asmol ding compounds, hasbeen provento
causefailureswhen parts are subsequently solder reflowed and exposed to
the high solder melt temperatures of 200°C and above. Therapid evapora-
tionand expulsion of themoistureresultsin stressesthat cause crackingand
delamination, aphenomenon referred to as popcorning.

The absorption of moisture in underfill adhesives induces a tensile
hygrothermal stressonthe solder-ball connectionscausing el ectrical opens
intheconnectionsand crackingintheadhesive. Thesetensilestressesoffset
the compressive stresses that underfill adhesives providein improving the
reliability of flip-chipand ball-grid—array devices.

Figure 6.5. Acoustic micrograph of voids. (Source: Using acoustic micro-imaging
to inspect multichip modules, Sonoscan Brochure.)
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Figure 6.6. Acoustic micrograph of delamination. (Source: Using acoustic micro-
imaging to inspect multichip modules, Sonoscan Brochure.)

6.1.2 Die Fracture

Besidesdelamination, actual cracking of silicondieisafailuremodethat
canoccur fromexcessiveadhesivestresses, voids, and moistureabsorption.
Residual stressesin adhesive-attached single-chip devices becomecritical
asthesizeof thedeviceincreasesanddissimilar dieand leadframematerials
are used. Several types of fracturesthat can occur within the die or within
theadhesiveareshowninFig.6.7. A hairlinecrackinan | C chipthat resulted
from adhesive stressis shownin Fig. 6.8.

6.1.3 High Thermal Impedance

Overheating of devicesresulting in electrical malfunctioning or reduc-
tion in the life expectancy of the device and circuit can be the direct result
of poor conductivity and high thermal impedance of the adhesive. Thermal
conductivity of adhesivesbecomescritical asdevicesareoperated at higher
speeds, consume more power, and dissipate more heat. Semiconductor
junction temperatures must remain within normal limits, particularly for
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Honzental Cracks

p— o

Figure 6.7. Types of fractures in die and die-attach adhesives. (Courtesy CALCE
Electronic Products and Systems Center, Univ. of Maryland.)

Figure 6.8. Fracture in silicon IC device resulting from adhesive stress. (Courtesy
CALCE Electronic Products and Systems Center, Univ. of Maryland.)
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galium-arsenide devices that operate at high frequencies and whose
thermal conductivity is much lower than that of silicon devices (approxi-
mately 60% lower). In such cases, high thermal conductivity materials
throughout the conduction path fromthejunction of asemiconductor device
throughthedie-attach adhesiveto the package casearerequiredtomaintain
the junction-to-case temperature (8,c).[*2 The flow of heat through mate-
rials is directly proportional to the cross-sectional area, the temperature
differenceacrossthematerial, andthetime, butinversely proportional tothe
thickness (see Ch. 2). Some mechanismsfor increased thermal impedance
attributed to adhesives are as follows:

» Poor initia thermal conductivity of the adhesive chosen.

» Voidsin the adhesive bondline generated during curing
from entrapment of solvents, air, or moisture.

» Air pockets and delaminated areas due to poor wetting.

» Applying too thick an adhesive layer or a nonuniform
thickness.

Poor initial thermal conductivity. Thermal conductivity is defined
asthe proportionality constant between the rate of heat flow and the cross-
sectional area of known thickness and temperature drop. Thermal imped-
ance is the temperature drop, from junction to case, divided by the power
dissipated by the device and is reported in °C/watt. Among the important
stepsinassuring adhesiverdliability isthesel ection of anadhesivehavingthe
highest thermal conductivity. If electrical insulationisnot afactor, thesilver-
filled epoxiesare among the best thermal conductors. Thethermal conduc-
tivitiesof silver-filled epoxiesrangefrom 0.5 W/m-K to8 W/m-K . However,
some silver-filled epoxies formulated with unique solvent blends are re-
portedto havevaluesashighas20W/m-K. Thehighest values(>40 W/m-K)
arefound with silver-glass adhesives.

Thermal-transfer adhesivesthat are el ectrically insulating also exhibit
wide ranges of thermal conductivities, depending on the filler type and
amount. The thermal conductivities of epoxiesfilled with boron nitride or
diamond are approximately 4 W/m-K and 12 W/m-K, respectively, while
those of themore common aluminum-oxide-filled adhesivesrangefrom 1—
2W/mK.

Thermal conductivity requirements are specified in both military and
industry specifications generally as 1.5 W/m-K or greater for electrically
conductiveadhesivesand 0.15W/m:-K or greater for electrically insulative
adhesives.
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The selection of highly conductive adhesivesisanecessary factor, but
not theonly oneinminimizingthermal impedance. Applying asthinabond-
line as possible and avoiding the introduction or creation of voids are al'so
essential in reducing thermal impedance.

Bondlinethickness. The control of bondlinethicknessisessential for
high-power devices. A thin bondlineisrequired since thicknessisdirectly
proportional to the junction-to-case thermal resistance, 6;: (see Ch. 2).
Specially formul ated solvent-based hybrid adhesives can produce uniform
bondline thicknesses of one mil or less.[*3l Small hard spacers, acting as
shims, added to paste adhesiveformulations, have al so been used to control
thickness.[*415 Theuseof preformsinstead of pasteadhesivesal so assures
reproducible thicknesses provided uniform pressure and temperature are
appliedduring curing.

Voidsand outgassing. Besidescontributingto delamination, voidsand
outgassing in adhesive bondlines lower thermal conductance due to en-
trapped air. Voidsmay beintroduced during the application of theadhesive
because of poor wetting or improper dispensing conditions. Other sources
of voids include volatilization of moisture or solvents. Entrapment of
moi sture, sol vents, or low-mol ecul ar-weight polymer additivesduring curing
a soreducesthermal conductance. Stepsthat areoften used to prevent voids
include use of low-moisture-absorption adhesives, degassing adhesives
prior to cure, prebaking the componentsto remove adsorbed moisture, and
step curing at low temperaturesto allow air and volatiles to escape before
full cure.

6.1.4 Loss of Electrical Contact

Silver-filled epoxies and other electrically conductive adhesives are
widely usedto el ectrically connect chip devicesor packaged componentsto
interconnect substratesor printed-circuit boards. Chip capacitors, resistors,
transistors, diodes, and magnetic components may be attached with silver-
filled epoxieswhosevolumeresistivitiesrangefrom1 x 10#to 3 x 10"*ohm-
cmor withgold-filled epoxieswhosevolumeresistivitiesareapproximately
8 x 10"*ohm-cm. Conductiveadhesivesareal sofinding useasrepl acements
for solder balls in flip-chip devices. In all cases, to achieve reliable
connections, initially low-contact resistances or volume resistivities must
remain low on aging and on exposureto operational stressconditions, such
ashumidity, temperature, vibration, shock, and power.
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Increasesin electrical resistance or complete loss of electrical contact
(electrical opens) can result from several failure mechanisms, such as:

* Loss of backside electrical contact on transistors and
other semiconductor devicesduetoredistribution of filler
at theinterface or to oxidation/corrosion of themetalliza-
tion.

» Separation of theadhesive and el ectrical opensdueto one
or moreof thefactorsalready discussed for delamination,
such as poor wettability, shrinkage stresses, and large
CTE mismatches.

« Electrical instability of silver-filled epoxieson non-noble
metal surfaces when used as replacements for solder.

* Instability of silver-filled epoxies on aluminum surfaces
due to oxidation and corrosion processes.

Loss of backside electrical contact on semiconductor devices. A
reliability concern with semiconductor devices, such as chip transistorsin
which oneof the connectionsismadethrough the backside metallization by
attaching with either eutectic alloy or conductive epoxy, is the loss of
backside ohmic contact. Loss of ohmic contact may be due either to
mechanical/physical or chemical mechanisms.[*®l Mechanical failures oc-
cur from partial or complete delamination of the adhesive interface. The
smooth surface of the die metallization contributesto the problem whereas
roughening the surface improves results. Loss of contact is evident from
increases in resistance during initial electrical testing, but may better be
detected after temperature cycling or mechanical shock screen tests, for
examplewith hybrid microcircuits, beforethe product is shipped.

Failures may be related to the adhesive formulation as well as the
contact metallization. The first generation of 100%-solids conductive ep-
oxiescontained 70% by weight of silver flake, and thefinal cured adhesive
contained 21% silver by volume. Settling or disproportioning of thefiller
during curein these early adhesivesresulted in aresin-rich layer at thedie
metallization interface and ahigh contact resi stance. Subsequent adhesives
wereformul ated with the same amount of filler by weight but with ahigher
volume (34% after cure). The risk of conductivity loss due to filler
redistribution for theseformul ationswasthusminimized.!*” Increasesinthe
“effectivefillerloading” isal so possiblefromtheshrinkagethat occurswhen
some solventsin the formulation evaporate. The shrinkage prevents sepa-
ration effects at the interfaces resulting in more stable interconnect resis-
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tances. However, as previously discussed, that excessive shrinkage during
cure produces high stresses.

Compared with mechanical and physical mechani sms, chemical mecha-
nisms are slow and may not be detectable until well after the product has
been in use, at which point the failures may be catastrophic. One chemical
mechanism involves the formation of an oxide layer at the die-epoxy
interface. A poorly alloyed gold-backed surface has been identified asone
cause of degraded interfacial resistance. Although this is one cause,
adhesivesformulationsal so may play arole, for example, adhesiveshaving
excess (unreacted) curing agent absorb large amounts of water, thereby
accel erating theoxidation process. Adhesiveshaving lessthan the stoi chio-
metric amount of curing agents may improve performance. Adhesives
having ahigh chloride-ion content (greater than 200 ppm) arealsoknownto
cause corrosion and increase the contact resistance, especially when used
to attach die having less than 125 pm of gold thickness.

Stability of solder replacements on non-noble metal surfaces. A
new areaof concern for electrical stability arises because of theincreasing
use of conductive adhesives as replacements for solder. Some conductive
adhesives show unstable electrical-contact resistance when used on non-
noble metal surfaces such as copper or tin-lead solder. Although stable on
gold, palladium, platinum, and silver surfaces, the same adhesives were
found to be unstableon tin, tin-lead, copper, and nickel surfaces.'8%° The
unstable resistance and increase in resistance in temperature-humidity
exposures have been attributed to the growth of an oxide layer separating
thefiller particles from the substrate at the interface, amechanism similar
to that for the loss of backside contact in die-attach materials.

The unstable behavior of some sol der-replacement adhesives has been
attributed to galvanic corrosion. Similar to most corrosion mechanisms,
condensed or absorbed moisture on the surface and dissimilar metals are
requiredtoformagalvanic cell. Thesilver filler actsasacathodewhilethe
substrate metallization acts as an anode and is oxidized. In the case of tin-
lead solder surfaces, thesolder, whichhasalower el ectrochemical potential
(0.13 V) than silver (0.79 V), becomes the anode at which corrosion and
oxidation occur. A smaller potential difference between a copper surface
and silver accounts for some improvement in contact resistance over the
solder-silver couple.

Therdliability of several silver-filled epoxiesassolder replacementshas
been studied and reported by several investigators.?321 |n one study,??
adhesives formulated with an epoxy resin (Epon 862®) and cured with
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several anhydrides were evaluated for their electrical stabilities on non-
noblemetal surfacesand extended exposureto 85/85 conditions(Table6.2).
Theanhydride-curing agentseval uated were hexahydrophthalic anhydride
(HHPA), methyl hexahydrophthalic anhydride (MHHPA), and 4-
methylphthalic anhydride (MPA). In all cases, resistance changes were
negative up to 300600 hours after which they became less negative and
finally positive after 1,000-1,500 hours exposure. Theinitial decreasesin
contact resistances were attributed to further leaching out of the lubricant
from the silver-flake filler or to fillers penetrating the initial oxide layer
present on the non-noble metal surface during postcuring of the adhesive.
Results were promising based on the acceptance criterion set by the
National Center of Manufacturing Science(NCM S) that contact-resi stance
changeshoul d bel essthan 20% after 500 hoursaging at 85/85 conditions.[?3]

Although some results are promising, the extent of resistance change
anddirectiondependlargely ontheformul ation used and should beeval uated
for each application, especially on non-noble metal surfaces.

To minimizethecorrosion reactions, oxygen scavengersand corrosion
inhibitors may be used as additives in solder-replacement adhesives. The
percent changes in contact resistances for cured formulations without
scavengers or inhibitors were found to be two to three times greater than
those contai ning scavengers.[*®! Contact resistances after 500 hours of 85/
85testing weresignificantly reduced for those adhesivescontai ning oxygen
scavengers and less than 10% and 20% for those with and without the
inhibitors, respectively.

Stability of epoxies on aluminum surfaces. Erratic and high resis-
tance changes have al so been reported when silver-filled epoxies are used
to attach devices to thin-film—aluminum metallization and exposed to
temperature-humidity environments.[?4 In practice, however, aluminum-
bonding padsand al uminum conductorsonthetop surfaceof aninterconnect
substrate are protected with barrier coatings of titanium-tungsten or chro-
mium followed by plated gold asthe top bonding surface.

6.1.5 Corrosion

Corrosion of conductor metallizations, devices, wire, wire bonds and
other connections, and platings occur by direct or indirect-chemical reac-
tions. The metals most susceptible to chemical attack are the non-noble
metal samong which arethin-filmaluminum used for conductorsor bonding
pads, thin-filmnichromeusedfor precisionresistors, tin-lead soldersusedfor



Table 6.2. Behavior of Solder Replacement Adhesives on Non-noble Metal Surfaces!??]

Per cent Resistance Change (85°C/85% RH Exposure)

Adhesive | Curing Ty Al\gg?thlirc?n (Relativeto I nitial Reading)
No. Agent (°C) | (%,350hrs 100 hrs 300 hrs 500 hrs
of85/85) sy [swpb | cu| sn | swPb | cu| sn | swpb | cu
HHPA® 114.76 0.9 -30 -15 -50 | -80 -40 -70 | -90 -40 -75
MHHPA? | 97.89 11 -40 -10 -70 | -60 -30 -75 | -70 -20 -90
MPA3 136.93 1.0 0 -30 | 50 | -35 -60 -55 | -40 -60 | -60
Moisture Per cent Resistanoep hange'($5°C/85% RH Exposure)
Adhesive | Curing T, Absor ption (Relativeto Initial Reading)
No. Agent (°C) | (%,350hrs 1,000 hrs 1,500 hrs*
of 85/85) S Sn/Pb cu s Sn/Pb cu
1 HHPA* 114.76 0.9 -90 -40 -70 -70 -10 -70
2 MHHPA? | 97.89 11 -45 +50 -75 0 +100 -80
3 MPA?3 136.93 1.0 -40 -35 -50 0 +10 -55

IMinimum at 400 hours exposure; 2Minimum at 300 hours exposure; *Minimum at 600 hours exposure; *Exception for Adhesive #1
(1,400 hours). (Table compiled from Lu and Wong.[?3)
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surface-mounting components, and copper used for conductor traces on
PWBs or as heat sinks. All these metal s are susceptible to chemical attack
and corrosion, ultimately |eading to high-resistance paths, el ectrical opens,
or high-leakage currents. Corrosion may result from constituents from the
curing agent, catalyst, or resin portion of an adhesivethat hasnot been fully
cured or has been used in excess of the optimum ratios. These constituents
may be reactive enough to directly react with the metal or may do so after
decomposing or first reacting with moisture. Other constituentsmay outgas
and, inthe presenceof moisture, producehighly acidic or alkalinesolutions
that attack the metals.

Corrosion from curing agents. In two-part systems, the curing
agentsand catalystsaregenerally much morecorrosivethanthebasicresin.
Early epoxy-adhesiveformulationsused borontrihalidecomplexessuch as
boron trifluoride ethanolamine to achieve rapid room-temperature cures.
Unreacted trihalides dissociated forming hydrogen chloride or hydrogen
fluoride that, in the presence of small amounts of moisture, generated
hydrochloricor hydrofluoricacids, both highly corrosiveto aluminum. 7]

Unreacted excess amines, such as dicyandiamide (Dicy), were also a
cause of corrosion in some early epoxy formulations. Dicy decomposes
producing ammoniaand other reactiveaminecompounds. Theprimary and
secondary amines, being quitealkaline, react rapidly with aluminum. Analy-
sis of sealed hybrid microcircuits that used dicy-cured epoxies showed
quantities of ammonia as high as 30,000 to 100,000 ppm, and extensive
corrosion in the presence of moisture.[*” Other investigators corroborated
the presence of ammonia and low-molecular-weight amino compounds.
Ammoniaand aminesweregenerated from aDicy-cured epoxy (Ablefilm®
550) substrate-attachment film adhesive after postcure aging 24—300 hours
at 125°C.[%l Ammonia, inthe presence of moisture, formsahighly alkaline
ammonium hydroxide solution that reacts with and converts aluminum to
auminumhydroxideasfollows:

Eq. (6.4) NH; + HOH — NH," + OH

Al + 30H" - AI(OH),
Corrosiondueto alkalinecondensatesmay becontrolled by selecting curing
agents that do not generate ammonia and by vacuum baking assembled

circuits at 125°C to 150°C for 16-96 hours to remove moisture prior to
sedling.[?8) A rel ated failuremechanisminvolving alkalinesol utionsisthat of
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“vanishing” nichromethin-filmresistors. Nichromeresistorswerefoundto
disappear in the presence of moderate-to-high amounts of moisture and
akalineor ionic contaminants, especially during the cold cycle of tempera-
ture-cycle testing where the moisture condenses as aliquid. Residual-gas
analysis showed that no failures occurred if the moisture content was less
than 1,000 ppm,. However, moisture ranging from 7,000-10,000 ppm,
having dewpoints close to room temperature produced failures during the
coldcycle. Inquantitiesabove 17,000 ppm,, liquid water and contaminants
exist at room temperature and failures may occur early in testing.[261127]

lonic impurities. lonic contaminants from adhesives or from other
sources have been aserious problem, not only in contributing to corrosion,
but alsoin causing el ectrical-parameter changesin semiconductor devices
and high leakage currents across closely spaced conductors. Chlorideions
areparticularly detrimental sincethey act as catalystsand are continuously
regenerated whileetching away aluminum and other metals. Increasing the
chloride-ioncontentinadhesivesfrom 10 ppmtoover 200 ppmwasreported
toreducethetimetofailureby afactor of 4.128l Themechanismfor chloride-
ion etching of aluminumisshownin Eq. 6.512%

Eq. (6.5) 4Al + 30, - 2A1,0,
Al,O; + 3H,0 — 2AI(OH);
Al(OH); + CI- - AI(OH),Cl + OH"
Al +4Cl" - AlICI, + 3e-
AICl, +3H,0 - AI(OH); + 3H" + 4CI

Highlevelsof chlorideions, above600 ppm, and sodiumionlevel sabove 100
ppmwerereported for theearly “first generation” epoxy adhesives.*% The
epoxy resinitself isasourceof both chlorideand sodiumionsif not properly
purified. Most epoxy resins are synthesized from epichlorohydrin and
bisphenol-A in the presence of sodium hydroxide and produce sodium
chloride asabyproduct (see Ch. 3). Continuous extraction of theionswith
deionizedwater or distillation of theresinaretwo methodsusedto purify the
resin.

Besides corrasion, the presence and mobility of ions, together with
moi sture, contributeto the phenomenon of metal migrationresultinginhigh-
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leakage currents between conductor lines and eventual electrical shorting.
lons and other contaminants, together with moisture, form an electrolytic
medium and generate an electrochemical cell between two metal conduc-
tors. A small applied biasof several volts causesoxidation of the positively
charged metal electrode (anodic conductor), migration of the positively
charged metal ionstowardsthe cathode, reduction back to puremetal at the
cathode, and a metal buildup that eventually bridges the gap, known as
dendritic growth.[33-331 Although most non-noble metal conductors are
prone to metal migration, silver has been the prime cause of most circuit
failures.

Perkinsand Licari!® showed theimportanceof moistureininitiatingand
accelerating silver migrationfromsilver-filled epoxy adhesives. Test speci-
mensconsi sted of pairsof thick-filmgold padsseparated by a10-mil gapand
formed on ceramic substrates. One pad of each pair was overcoated and
cured with a silver-filled epoxy adhesive. Tests were run on samples that
were cooled to just below the room-temperature dew point at which point
condensation of moisturefromtheair occurred. Other sampleswerecool ed
using dry ice so that moisture condensed asfrost. With 2 volts/mil applied,
water droplets condensed and coalesced. Dendritic growth of silver oc-
curred when continuous water paths formed across the gap. Current
increased from initially low microamps to high milliamps until shorting
occurredinlessthan onehour. Ontheother hand, thefrost-covered samples
showed no silver migration and low microamp current for over 5 hours, but
rapid migration as soon as the frost was melted.

Outgassing and moisture. Outgassing from adhesives that are used
in hermetically sealed circuits, especially the outgassing of moisture, has
beenandstill isamajor causeof circuit failuresandareliability concern. The
amount of moisture released depends on the adhesive used, its cure
schedul e, the extent of vacuum baking prior to sealing, and thetemperature
and exposure conditions after sealing. Even with optimum-curing and
vacuum-baking conditions, if the temperature of the sealed units during
thermal cycling or burn-in exceedsthe cure or vacuum-bake temperatures,
an extra surge of outgassing occurs. If exposed to very high temperature,
maj or decomposition of the adhesive occurs asindicated by large amounts
of moisture, carbon dioxide, and hydrocarbons. Semiconductor device
failures due to moisture are not as prevalent now as during the 1970s and
1980swhen the silicon oxide or silicon nitride passivation layers on semi-
conductor deviceswere porousand not yet fully perfected. Y et today, even
with improvementsin high-reliable devices, the presence of moisture and
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ionic contaminants leads to corrosion of thin-film metallizations and wire
bonds. Generally, moisture alone without contaminantsis not damaging to
electronicsbut, becauseit isdifficult to determinehow clean acircuitisand
because ions can be generated after cleaning, it has been found necessary
toplacealimit ontheamount of moistureallowable. Over theyears, thelimits
for moisturethat started out at 3,000 ppm,, for space applications (ClassK)
and 5,000 ppm, for military applications(ClassH) were, for aperiod of time,
tightened to 1,000 ppm, and 3,000 ppm,, respectively. Today, themoisture
limit for both classes and for all sealed electronic devices used in military,
aircraft, space, and other high-reliability applicationshasbeen established at
no greater than 5,000 ppm,,, measured after aseriesof screentestsincluding
thermal cycling accordingto MIL-PRF-38534.

Residual-gasanalysis(RGA), amass-spectrometric method, isthemost
accurate method for measuring moisture and other low-molecul ar-weight
volatile compounds released from polymeric materials. Interpretation of
RGA data has at times proven difficult since small differences in the
processing of samplesintendedto beidentical resultedin major differences
in the results and analyses of the same circuits by different laboratories.
Most of these differences have been resolved by using laboratoriesthat are
certified by government agencies, such as Defense Supply Center at
Columbus (DSCC), using their own standards.

Analysisof RGA results provides agood indication of the sourcesand
mechanismsfor the generation of the outgassed materials. Table 6.3 shows
RGA data of sealed packages containing various die-attachment materials
and processing conditions.!®

In Table 6.3, Case 1 showsan analysis of dry nitrogen used asan inert
ambient during sealing. The analysis showed almost 100% nitrogen, no
detectable oxygen, and insignificant amounts of moisture and carbon
dioxide. The small amount of argon in the absence of oxygen could not be
explained.

Control packagesinwhich the diewas attached with eutectic alloy (no
adhesive) and sealed in air indicated the approximate composition of air
(Case 2), but, in asecond analysis, the high carbon dioxide and moisture
content were attributed to an organic contaminant on anew lot of ceramic
lids. In Case 3, the die was again attached with eutectic aloy, but was
overcoatedwith polyimide. Analysisindicatesextensiveoutgassingfromthe
polyimide (apparently not completely cured) but also the possibility of a
package leak due to the presence and amounts of oxygen and argon. The
ambient analyses for Cases 4 and 5 are quite good.



Table 6.3. Examples of Residual Gas Analysis (RGA) Data

Carbon

Case — Nitrogen Oxygen Argon Py Moisture | Hdium Hydrogen Other
Description Dioxide
No. P (%) (%) (Ppmy) (oomy) (Ppmv) | (PPM) (Ppmy) (Ppmy)
Common sealing
1 atmosphere (dry nitrogen) 99.9 ND 125 <100 <100 ND N/R N/R
GlassHrit sealed ceramic 81.0 17.9 9,221 1,100 541 N/R N/R N/R
2 packages/
eutectic die atach 78.9 15.6 9,211 36,700 8,795 N/R N/R N/R
Glassfritsealed ceramic | g6.1 5.09 9,808 54,900 2,207 N/R 12,900 Methene:
packages/ 8,745
3 ey )
eutectic die atach with Methane:
polyi mide barrier coating 94.8 155 724 30,500 642 N/R N/D 4,448 ’
Solder sed ed device/
4 autectic die atach 99.4 N/R N/R 154 473 N/R 5,845 N/R
] Solder sedl ed device! 99.0 N/R N/R 3,420 439 N/R 5,556 N/R
silverglassdieattach 99.8 N/R N/R 3,150 6,240 N/R 450 N/R
Solder-sealed, low-temp.
6a silver-glass adhes ve, 97.1 N/R N/R 14,300 12,600 N/R 1,985 N/R
single cydefired
Solder-sealed, low-temp.
6b silver-glass adhes ve, 99.2 N/R N/R 4,100 2,900 N/R 1,252 N/R
double cyde fired
Solder-sealed .
7 packages/thermopl astic 89.6 N/R N/R 92,700 511 N/R 4587 Hydrocarbons:
dieattach 5900

ND — None Detected; N/R — None reported. (Copyright © Oneida Research Services, 1994. Reprinted with permisson.)

(cont'd.)



Table 6.3. (Cont'd.)

Case D P Nitrogen Oxygen Argon Cgrb_on Moisture Hdium Hydrogen Other
escription o H Dioxide
No. (%) (%) (ppmy) (ppmy) (ppmy) (ppmy) (ppmy)
(Ppmy)
Seam-welded
8 packages/epoxy cured 91.0 N/R N/R 2,001 1,680 8,340 N/R Ammonia 3,161
with Dicy
Seam-welded MEK 1,446 ppm,,
9 packages/epoxy cured 85.1 N/R N/R 5792 4,720 13,300 N/R Methanol 1,826,
without Dicy and THF 862
0,
e Mgﬁgéﬁoag%
10 packages/epoxy and poor 953 N/R N/R 1,220 10,500 — 350 and H droc:';rbonys
pre-sed bakeout Y
3,250
Seam-welded 95.6 N/R N/R 23,500 19,300 N/R 1,220 N/R
1 packages/thermally
overstressed 920 N/R N/R 20,700 18,900 N/R 9,780 N/R
epoxi es
96.1 012 274 1210 3600 | 24400 897 Fluorocarbons:
0.76%
Seam-welded packagesd
12 intermittent leak 90.5 6.07 2,940 1575 30,400 N/R 425 N/R
phenomenon
87.7 487 2415 2,750 27,200 | 30,700 890 Fluorocarbons
1.02%
ND — None detected; N/R—None reported. (Copyright © Oneida Research Services, 1994. Reprinted with permission.)
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Cases 6a and 6b show the importance of properly curing (processing)
the silver-glass adhesive. The high carbon dioxide and moisture content of
Case 6a indicates that the polymer binder or other organic constituents of
the silver-glass were not completely burned off. After asecond curecycle
was used, good RGA results were obtained (Case 6b).

In Case 7, a thermoplastic die-attach adhesive was used. The large
amount of carbon dioxideindicatesdecomposition, but thesmall amount of
moisture indi cates that moisture may have been generated, but gettered by
oxidesor metal sinthepackage. Oftenwhen moistureisexpectedtobehigh,
butislow, and hydrogenispresent, the moistureisbelieved to havereacted
with oxides or metals to produce hydrogen.

Case 8 showsevolution of ammoniathat wascommonwith someof the
early epoxy formulationsthat were cured with Dicy. Oncethe Dicy-curing
agent was replaced, results showed no ammonia (Case 9) although some
alcohol and ketone were present; the source was residual solvents used in
the new formulations.

Insufficient pre-seal vacuum bakeisindicated in Case 10 where large
amounts of moisture were detected. Extended vacuum baking reduced the
moisture content.

The presence of large amounts of carbon dioxide, water, and some
hydrocarbons, asin Case 11, indicatesdecomposition of theepoxy adhesive
possibly dueto overheating.

In some cases, packages develop leaks because they were improperly
sealed or subsequently stressed. These are evident from the presence of
large amountsof oxygen together withargon. Sinceargonispresentonlyin
air, the detection of argon along with oxygen indicates the presence of air.
In leaky packages, fluorocarbons may aso be detected. The presence of
fluorocarbonsindicates an intermittent or agross leak in which thefluoro-
carbon liquid used in testing for gross leaks has entered the package (Case
12). Fluorocarbon speciesmay al so originatefrom sol ventsusedin cleaning
that did not compl etely evaporate or somehow becametenaciously absorbed
in the package.

6.1.6 Detachment of Adhesive Particles

Particles of adhesive and filler can be generated from aggressive
handling, during rework, or during vibration or mechanical-shock testing.
Particlescandislodgefromthe adhesivefilletsaround devicesor substrates.
In sealed packages, loose conductive particles can become wedged be-
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tween closely spaced conductor lines causing el ectrical shorting. Noncon-
ductive adhesive particles and abrasive-filler particles, such as aluminum
oxide, can collide with and damage thin wires, wire bonds, and thin-film
metallization. Abrasive particles have been known to completely severe
wiresand wire bondsduring vibration.

To assurethe absence of particlesin hermetically sealed single-chip or
multichip modules, the Particle Impact Noise Detection (PIND) test(%®l is
employed. For high-reliability circuits such as Class K (space qualified)
hybrid circuits, the PIND test is required of all circuits. To assure that
particles are not generated subsequently to passing the PIND test, for
example during vibration or mechanical shock, a particle-immobilizing
coating such as parylene may be used. An alternate approach has been to
apply aparticlegetter, usually atacky siliconeadhesive, totheinside center
of thelid prior to sealing.[371(38]

6.2 SPECIFICATIONS

Besides an understanding of the basic failure modes and mechanisms,
important in the initial selection of adhesives, qualification and strict ad-
herenceto material sand processes specificationsand work instructionsare
anintegral part of thereliability process. Theprocessbeginswiththedesign
guidelinesand requirementsfor aspecificapplication. Qualificationcriteria
and test specifications must then be generated and the adhesives selected
must be qualified. In addition, materials specifications or procurement
documents are required to assure that the adhesive meets a minimum of
quality assurance tests before acceptance from the supplier. A quality-
control system should bein placethat assuresthematerial isproperly stored
andisstill withinitsshelf lifeat thetimeof use. Oncetheadhesiveisinuse,
process specifications, work instructions, and in-process controls are nec-
essary to assurethat the adhesiveis properly dispensed and cured, and that
the equipment used for processing and testing is calibrated. Finaly, the
compl eted assembly isinspected visually and some screen tests performed
to assure that a known good product is delivered.

6.2.1 Qualification Based on Accelerated Testing

Materials are qualified by passing a series of tests as severe or more
severe than those of the intended application. Generally, accelerated
environmental and mechanical tests are specified and performed on actual
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or simulated parts representative of the final product. Since the parts are
subjected to accel erated tests, some of which are destructive, qualification
partsareseldomdeliverableitems. Oncean adhesiveand processhavebeen
qualified, no changes in composition or processes are allowed without
requalification. Testing at |evel sabovethe acceptancetestsfor an extended
duration or number of cyclesisnecessary. The qualification testsfor some
applications, for example, for die and substrate attachment, have been
specifiedin NASA and ML specificationswhilethosefor other applications
are being devel oped by industry and industry associations.

Qualification tests for adhesives are defined in Method 5011 of MIL-
STD-883 and requirements for qualifying sealed hybrid microcircuits or
multichip modul esthat containadhesivesarespecifiedinMIL-PRF-38534.
Space, automoative, and medical applications generally use the military
specifications, but are modified or supplemented with additional tests and
requirementsfor their particular application.

6.2.2 Qualification Based on Heritage Data

Some adhesives have been used successfully for over 20 years in
specificapplicationsand environments, and areliability databaseisavail able
(heritagedata). Theseadhesivesmay thusbequalifiedfor other applications
by similarity of exposureand operating conditions. In general, theadhesive
may be qualified and used if it had previously been used successfully ina
proven, equivalent application for which theenvironmental conditionsand
testswere at least as severe as those required of the candidate application.

Reliability dataareavailablefor many adhesivesusedin spaceenviron-
mentsfor different orbits, different radiation, and different thermal -vacuum
conditions. Thesedataareavail ablefrom approved materialsand processes
lists from NASAI3 or from contractors for programs such as the Space
Shuttle, Space Station, GPS, Hubbel telescope, and numerous satellite
systems, some of which have been in orbit for over ten years. Adhesives
used in military electronicshaveal so been proven highly reliablein fighter
planes, navy ships, ground and air communication systems, and navigation
systems.

The reliability of silver-filled epoxy adhesives, such as Ablestik’s
Ablebond® 36-2 and 84-1, and Epoxy Technology’ sEpo-Tek® H20, and of
insulative adhesives such as Emerson and Cuming’s Eccobond® 104 and
Ablestik’ s Ablebond® 84-3, has been demonstrated through many years of
use in military, space, and medical electronics. During the period of
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approximately 1970-1992, over 140,000 hybrid microcircuits of 525 part
typeswereassembled by Rockwell (now Boeing) using Ablebond® 36-2 and
Ablebond® 84-1 conductive die-attach adhesives and with Eccobond® 104
insulativesubstrate-attach adhesive. Thesehybrid microcircuitsweredeliv-
eredtothe Air Force and NA SA and are continuing to operate successfully
today. Similar quantities have been produced by other aerospace manufac-
turers using the same adhesives or other qualified epoxy adhesives.

6.2.3 Receiving Inspection and Acceptance Testing

Once qualified, acceptance tests are necessary on a batch-by-batch
basis to assure that the supplier has not changed his formulation, and the
adhesiveisasgood asthat initially qualified. Adhesivesshould comply with
the quality-assurance (QA) provisions of materials specifications or pro-
curement documents. Source inspectors may also be used. Some simple
tests that users perform include lap-shear strength measurements on each
batch or aninfrared spectrum comparisonwithanoriginal “gold” standard.
A Certificate of Compliance(C of C) provided by the supplier guaranteeing
that the material sold istraceable to abatch that has been tested and meets
the requirements of the user is yet another QA approach. Most adhesives
supplierswill conduct thetestsspecified in Method 5011 of MIL-STD-883
andwill provideaC of C. Some companies may want to perform their own
receiving-inspection tests before accepting the product.

6.2.4 In-Process Controls

In spiteof all the precautionsin selecting, qualifying, and procuring an
adhesive, vigilanceontheproductionlineisstill necessary toavoidfailures.
Process specifications and work-instruction documents provide step-by-
step proceduresto manufacture production quantitiesof partsinamanufac-
turing environment. A process specification often call sout sub-tier process
documents such as cleaning, surface preparation, curing, and testing. The
processshould all ow asmuch manufacturing freedom aspossi blecommen-
surate with meeting the engineering requirements. For example, instead of
specifying one cure schedule, a selection of several equivalent schedules
should be permitted. Even better, atime-temperature curve of equivalent cures
would give manufacturing greater freedom in meeting delivery schedules.

An essential part of the process specification that affectsreliability, is
the quality-assurance section. Quality-assurance provisionsare usually
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in-processcontrol sand testsfor themorecritical steps. For adhesives, these
may beperiodically checkingtheviscosity and pot-lifeof theliquid adhesive,
conducting bond-shear strength and hardness tests of cured samples,
conducting tests to assure that surfaces are clean, and assuring that all
processing and testing equipment are calibrated, especially thoseinvolving
temperatures.

6.2.5 Screen Tests and Product Acceptance

Some customers require that a series of screen (nondestructive) tests
be applied to the final product before delivery. These tests may consist
simply of afew temperature cycles or aregimen of sequential mechanical
and electrical tests asfor Classes H and K of MIL-PRF-38534 for hybrid
microcircuits.[*! The sequence of tests for Class H microcircuits consists
of thefollowing:

* Internal visual.

» Temperature cycling from -65°C to 150°C, 10 cycles or
thermal shock, 0°C to 100°C, 15 cycles.

» Constant acceleration, (3,000 g's in Y, direction) or
mechanical shock, (1,500 g'sin Y, direction). The Y,
directionisspecified asthelid side of the package against
the wall of the text chamber.

e Burn-in, usually 168 hoursat 125°C with power.

» Electrical test.

* Fineand grossleak testing.

« External visual.

For ClassK (space-grade), the additional testsof nondestructivewirebond
pull, PIND, and radiography areimposed.

Screen tests assure the reliability of the entire electronic product of
which the adhesive joints are a part.

6.2.6 NASA, Military, and Industry Specifications and
Requirements

The first specifications for adhesives were generated by the staffs of
NASA and the DoD who were prompted by the high reliability that was
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required of microcircuits used in space and missile programs. These
specificationscovered primarily dieand substrate attachmentsfor hermeti-
cally sealedintegrated circuits, hybrid microcircuits, and multichipmodul es.
Subsequently, with the increased use of surface-mount adhesives in the
assembly of commercial printed-wiring boards and underfillsfor flip-chip
devices, industry associationstook thelead in generating the requirements
and test methods.

Specifications for die- and substrate-attach adhesives. Although
theoriginal NA SA specificationfor thequalification and acceptanceof die-
and substrate-attach adhesives has been inactivated and Method 5011 of
MIL-STD-883 isnow the dominant specification, some of the NASA tests
that werenot carried over arestill useful for improved reliability assurance.
For example, even though Method 5011 does not specify an infrared (IR)
spectrumfor incoming material, the IR spectrumisaquantitative, easy test
to run to assure that the chemical composition of the adhesive has not
changed. Further, the corrosivity testin which the adhesiveisapplied to an
aluminized Mylar®film and examined for etching of thealuminumisasoa
rather simple and valuabletest. A comparison of the requirements and test
methods of Method 5011 with the original NASA specificationisgivenin
Tables 6.4 and 6.5.

Specifications for surface-mount adhesives. With the advent and
wide use of surface-mount adhesives, several industry and industry-asso-
ciation documents have been generated. Examplesinclude the following:

« |IPC CA-821, General Requirementsfor Thermally Con-
ductiveAdhesives

« |PC3406, Guidelinesfor Electrically Conductive Surface-
Mount Adhesives

e |PC SM-817, General Requirements for Dielectric Sur-
face-Mount Adhesives

* Siemens Standard SN 59651

Table 6.6 compares the requirements and tests for IPC CA-821141 with
those of Siemens SN 59651,[42 both of which are applicable to surface-
mount adhesives.

Specifications for underfill adhesives. Table 6.7 summarizes re-
quirements for underfill adhesives from the proposed JEDEC J-STD-
030.43



Table 6.4. NASA MSFC SPEC-592, Requirements and Test Methods for Die- and Substrate-Attach Adhesives

. Para- Para-
Test Requirement graph Method graph
Visual Uniform consistency, free of lumps or foreign 321 Visual examination at 30X 451
matter
Pot life =1 hr 3.22 Vendor-established method 452
. Properties meet requirements when tested at
Shelf life >6 months 323 or before shelf life 453
Disappearance/appearance of absorption bands .
IR spectrum (rlative to baseline) criteriafor requalification 3.24 IR spectrum of mixed or separae components 454
Cure schedule <165°C, <4 hrs 331 N/A N/A
<0.3% wt loss at 250°C 3.32 Thermogravimetric analysis 4551
Outgassing Packages with 10% of surface area of
3,000 ppm, moisture (maximum) 3.32 exposed adhesive analyzed after 24 hrs 4552
and 1,000 hrsat 150°C by RGA
>6.9 x 10° N/m? Shear test (die/substrate, @ 25°C)
>3.5x 10° N/n?? Shear tes (die/substrate, @ 150°C)
Bond-shear >10.3 x 10° N/m? 333 Capacitors (@ 25°C) 456
strength " - "~
>5.2 x 10° N/m? Capacitors (@ 150°C)

>0.7 x initial value, @ 25°C
>0.8 x initial value, @ 25°C

After temperature cycling and solvent immersion
After 1,000 hrsat 150°C aging

N/A — Not applicable.

{contd.)



Table 6.4. (Cont'd.)

. Para- Par a-
Test Requirement graph Method graph
. No changein light transmittance P ®
Corrosivity of aluminized Mylar® 3.34 Sample on aluminized Mylar® (48 hrs) 457
<5.0 x 10 ohm-cm (silver), to 335 4-wire probe measurement: 25°, 60°, 150°, and 4581
Volume <15.0 x 10 ohm-cm (gold) ~ 25°C after 1,000 hrs aging at 150°C T
resistivity >1 x 10" chm-cm (insulative, 25°C)
and >1 x 10° ohm-cm (125°C) ASTM D257 4582
>3.5 x 107 cal/cm-sec °C (1.5 W/mK)
Thermal (conductive) and o
o .3. M ed @ 121 +5°C 459
conductivity >4.0 x 10 cal/cm-sec °C (0.17 W/mK) 336 easured @
(insulative)
Coefficient of
<65 ppm/°C (below T), . .
thermal o 9 3.37 Thermomechanical analysis (TMA) 4.5.10
expansion <300 ppm/°C (above Ty, <150°C)
Electrical Resi stance change <5% i ® .
stability (conductive only) 3.38 Gold-plated Kovar™ tabs (wire bonded) 4511
lonic <1,000 ppm NaCl; pH 4.0-9.0; 339 Federal Test Method Standard No. 406, 4514
impurities CI" <300 ppm; Na" <50; K* <5 ppm "~ Method 7071 =
Dielectric
constant and <6.0 (1 kHzand 1 MHz), 4.5.12,
dissipation <0.03 (1 kHz) and <0.05 (1 MHz2) 3310 ASTM D150 4513
factor

N/A — Not applicable.




Table 6.5. Method 5011, MIL-STD-883, Evaluation and Acceptance Procedures for Polymeric Materials

. Para- Para-
Test Requirement graph Method graph
Visud Uniform cons stencyn,];te; of fumps or foreign 341 Visual examination at 30X 381
Viscosity Range established by customer and included in 342 User and wpphey agreeto a method 382
the procurement document on reporting viscosity
: User and supplier select the procedure
Pot life >1 hr 343 to be used 383
>12 mo @ -40°C for one-part systems; =12 mo . .
o = Material, pot life, bond strength,
Shelf life @ 32°C for two-part systems. Shelf lifeisnot | 5, 4 and volume resistivity 3.84
extendable for ClassK devices, may be testing performed
extended once for Class H devices 9p
. . <1% wt lossat 200°C 3521 10°C—-20°C/min heating rate in nitrogen 3.85.1
Thermogravimetric - -
analysis % filler acceptance 3522 Heating from 25°C to 600°C at a 385.2
+ 2% of certification lot T 10°C-20°C/min heating rate in ar T
out | Packages with an equivd ent exposed adhesive
m atgri as 5,000 ppm, moisture (maximum) 353 to the application shd |l be analyzed after 24 hr 3.86
and 1,000 hr @ 150°C
lonic impurities Total ionics<4.5 millisemengmeter, 4.0 <pH 354 Extract analysis on 3 grams of material (ground) 387
P < 9.0, Cl <200 ppm, Na', K*, and F <50 ppm ~ added to 150 ml water and refluxed for 20 hr e

(cont'd.)



Table 6.5. (Cont'd.)

environment tests

degradation after screens

(Method 2002), variable-frequency vibration
(Method 2007), and constant acceleration
(Method 2001)]

. Para- Para-
Test Requirement graph Method graph
. ) Bond strength of 80-mil-square tabs to
Bond strength 10X requi remﬁ?t'vtl) {I_I:- IgTéOéZ; Method 2019 355 gold or nickel-plated Kovar® @ 25°C and @ 3.88
25°C after 1,000 hr @ 150°C
Coefficient of 1+10% of the value in the users 356 Measured from —65°C to +15°C 389
thermal expansion material specification " per ASTM D3386 o
21.5W/mK for electrically conductive
Thermal - Y 357 ASTM C177 or ASTM C518 3.8.10
conductivity >0.15 W/mK for insulative
<5.0 x 10 ohm-m (silver-filled), . .
<15 10° ohmm (gold-filled) Strip of epoxy cured onto aglassdide
Volume resistivity " 358 3811
>1.0x% 10~ ohm-m (insulative) at 25°C
and 1.0 x 10° chm-m (125°C) ASTM D257
Dielectric congant <6.0a 1kHz and 1 MHz 359 ASTM D150 3.8.12
Dissipation factor <0.03 at 1 kHz and <0.05 & 1 MHz 3.5.10 ASTM D150 3.8.13
Screen testing per MIL-STD-883
[thermal shock (Method 1011), temperature
Sequential- No evidence of mechanical 3511 cycling (Method 1011), mechanical shock 3814




Table 6.6. Requirements and Test Methods for Surface-Mount Adhesives (IPC CA-821 and Siemens SN 59651)

IPC-CA-821 (Jan. 1995)

Siemens Standard SN 59651 (1997)

Property Requirement :
(Paragr aph) Method Requirement (Paragraph) Method
Homogeneous, void freg, .
Appearance - o <50 um particlesize (3.1) Visual (8X)
. Specified by supplier A : =5 mos and storage
Shelf life (3.2.4) M eets specification requirements conditions specified (4.1)
Degree of Specified by supplier ASTM D1210 . -
fineness (3.25)
Range and speed . . . . .
. . Viscosity profile Casson viscosity
Viscosity agreed to by user and ASTM D2556 determined (3.2) (0-40 s
vendor (3.3.1)
. . . >8 days and tack time
Work time Per supplier recommendation (3.3.2) >8 hrs (4.2) IEC 68-1
Observe 3 dots dispensed (0.65 Average of 1.8 £0.2 mm dots
Spread or . mm diameter and 0.25 mm thick) <10% (5.6) on FR4 epoxy with solder
slump cured and uncured. Measure SRS resist. Check after 3 mins
uncured dots after 70 mins uncured and cured.
Assembled and fixtured PWA
Green - _ Device shift <0.15mm sdlides down an incline 35 mm
strength (4.5) high and 400 mm long

and strikes a stop.

(cont'd.)



Table 6.6. (Cont'd.)

IPC-CA-821 (Jan., 1995)

Siemens Standard SN 59651 (1997)

Property Requirement .
(Par agraph) Method Requirement (Paragraph) Method

Mass|oss at
t — — <1% Observed after 7 days at 85°C
emperature
Thermal
conductivity >0.4W/mK (3.3.3) ASTM C177 or C518 — —

: ASTM D1002

<8.0 MPa (1,160 psi), .

Shear removab(le gradz' : (A109 sted lap shear); >5 N/mm? (825 psi) Die shear (25°C)

' conditioned per
strength >8.0 MPa, permanent |PC-S-804 Methods (5.7) after cure

grade (3.3.4) 123 0rd
No degradation or
changein surface
Solvent roughness, swelling, . .
resistance tackiness, blistering, -
or color change
(342
Stencil-applied
Hydrolytic | ©°%ing. shall show IPC-TM-650, . B
stability bubbles or voids Method 2.3.10
(3.4.3)

(cont’'d.)




Table 6.6. (Cont'd.)

|PC-CA-821 (Jan., 1995)

Siemens Standard SN 59651 (1997)

Property Requirement Requirement
(Paragraph) Method (Paragraph) Method
Dielectric Specify minimum Not specified
strength requirements (3.5.1) ASTM D149 — .
- (1 kHz, 1 MHz)
. . Specify minimum 0.38£0.05 mm sample,
EAS;;LTC requirements ASTM D149 — _
(35.2and3.5.3) (1 kHz, 1 MHz)
Volume Specify minimum
resistivity requirements (3.5.4) ASTM D257 — _
Surface Specify minimum 10 o 0
resistivity requirements (3.5.5) ASTM D257 >10 ohms (5.3) 40°C, 93% RH test
Mosre and | specify minimum | 1PC-TM-650, Method 26,31, B -
resistance requirements (3.6.1) 50 +5°C and 90% RH
High .
No displacement IPC-TM-650, Method 2.4.42.1, Shear strength after solder
tste:neﬁ;ﬁt ue (3.62) solder float >5 Nimn (5.8) float 255 +3°C (1206 device)

(cont'd.)



Table 6.6. (Cont'd.)

IPC-CA-821 (Jan., 1995)

Siemens Standard SN 59651 (1997)

(CTE)

Property Requirement Requirement
(Paragraph) Method (Paragraph) Method
Exposure to mixed spore R

Fungus . X Do not exceed limiting

. Non-nutrient (3.6.3) suspension, |PC-TM-650, . —
resistance Method 2.6.1 quality Al1.4 (5.2)

Electrolytic corrod on: No

Electro- No tendency to IPC-TM-650, h .
migration migration (3.6.4) Method 2.6.14 greeg roorl ggﬁ{ig';g\lﬂ?trha“ on IEC 426 and IEC 68-3
Outgassing L'm'ts(gggfgd upon ASTM E595 — —
Self IPC-TM-650,
shimming Report resuits (3.6.6) Method 2.4.51 - _
Coefficient
of thermal Report results (3.6.7) ASTM D3386 — —
expansion




Table 6.7. Requirements and Test Methods for Underfill Materials (JEDEC J-STD-030)

Requirement Paragraph Requirement Description Test M ethod Paragraph
Filler size 6.1.1 Report maximum filler size Sieve or particle-size andysis Not specified
Filler type 6.1.2 Report filler type Vendor data Not specified
Filler loading 6.1.3 Report results (60%—75%, typical) Thermogravimetric anaysis 6.1.4
Underfill density 6.1.4 Report results (1.5-2.0 glcm®, typicd) ASTM D792, or equivaent 6.1.4

. : Report viscosity and thixotropic index ASTM D2556 or other agreed to
Viscosity 621 (0.5/5 rpm) by vendor and supplier 621
. Report results(5—20 min @ 121°C, ASTM D2471, D4217, or IPC-TM-650,
Gel time 6.2.2 typical) Method 2.3.18, or equivalent 622
. 10.2.1 Die-shear,
Flux compatibility 6.3.1 Report adhesive strength Adh&aloen?}[;ﬁe%tgﬁ;ged and 10.2.2 Stud pull, and
10.2.3 ASTM D1002
Alphaparticle e .
emissions 6.4 Report results Not specified Not specified
Voidshbubbles 7.12 Free of bubbles that can induce voids Visual examination of materia 86.1
between glass slides
Storage life 7.2 -40°C to-50°C Supplier test methods 8.6.2
Viscosity change 74.1 20% to 50% change ASTM D2556 6.2.1
Usage-lifelimit classes:
Flow rate change 74.2 Class 1.50% reduced dispensing rate Material dispense rate (8 hr period) 8.4.1,84.2

Class 2:40% reduced dipensing rate
Class 3:30% reduced dispensing rate

(cont'd.)




Table 6.7. (Cont'd.)

Requirement Par agr aph Requirement Description Test M ethod Par agr aph
Viscosity variation with dispensing
Settling test 743 (firstand last part of syringe, ASTM D2556 6.2.1
report results)
Underfill flow rate 8.4.2 Report underfill flow rate Coordinated between user/supplier; Not specified
surfaces must be similar to actua use
3-dot pattern (0.65 cm diameter,
Spread/slump test 85 <10% increasein dot size 0.25 mm thick) on 2 samples (1) Not specified
50-70 min @ 25°C and 50% RH
Pot life 8.7 >8 hrs(25°C) 50% reduction in flow rate 8.7
Cure schedule 9.2.2 Specify cure cycle and ramp rate Differential scanning caorimetry (DSC) 9.5
to verify cure completeness
Die-shear 102.1 MIL-STD-883, Method 2019 6.35 mm?1C with 10.2
Sud ol 1022 0.05-0.13 mm gtandoff; 62 102
ud pul .2. i illeti 2, 10.
p! 10.3-138 MParegion (25%-50% of the height filleting)
Lap shear 10.2.3 ASTM D1002 10.2
Shrinkage stress 10.3 Report radius of curvature . o
Supplier test Not specified
Young's modulus 104 10-14 GPa
CTE 105 >28 ppm/°C
Thermomechanical anaysis (TMA) Not specified
Ty 10.6 >150°C

(cont'd.)



Table 6.7. (Cont'd.)

Requirement Paragraph Requirement Description Test Method Par agraph
Flammability 10.7 UL 94V-0 and 94V-1 UL 94 Not specified
Chemicd gability, No evidence of chalking, tackiness, Immersion (ambient and 60°C +5°C), v
solvent res stance 108,10.81 blistering, swelling, or color change 10-15 mins (Visual) Not specified
Moisture absorption 109 Not specified 24 hrsimmersion (boiling water) Not specified

97°C +2°C and 90% RH for 28 days.

. - No evidence of cracking, chalking or Potassium sulfate solution

Hydrolytic stability 10.10 genera degradation (saturated) is present 10.10
(IPC-TM-650, BdIcore GR-78)
Fungus resistance 1011 Non-nutrient IPC-TM-650 26.1
Surfaceinsulation 1012 Report resilts IPC TM 650 26.310r 2632
resistance (or equivaent)
. : - 70 hrsat 85/85 conditions;
Fledrochemied | 1013 Nocopieson and fetd gralion | 100 v DC£10V DC for measurements 1013
9 ° ® (IPCTM 2.6.14.1)
Volume resigtivity 10.14 Not specified DC dectrical resistance (ASTM D257)
; : AC loss characteridtics,

Didectric constant 10.15 Report results dectrical insulation (ASTM D150C) 10.15
lon contents 121 Na’, ClI°, K* <10 ppm, 121°C, 20 hrs aqueous extraction Not specified
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7/ Test and Inspection
Methods

The reliability of electronic systems depends on extensive testing,
inspection, and evaluation of all parts of the design and manufacturing
process, including the adhesives used in the systems. Test methods for
adhesives and adhesive-bonded assemblies may be generally classified as
physical, electrical, environmental, thermal, mechanical or thermomechani-
cal, andchemical (Table7.1). Thischapter summarizesmost of themethods
used to test and evaluate adhesives used in electronics. It isnot intended to
provide detailed instructions, but to lead the reader to the appropriate
government or industry specifications, documentsthat areavailablefromthe
various organizationslistedin Table 7.2.

Thetest methods covered in this chapter are those most closely related
to adhesivesfor dieand substrate attachment, surface-mounting of compo-
nents, underfill, and optoel ectronic assembly. Sometests, such asbleedout
and el ectrical stability, for which thereare no standard test methods, arenot
covered sinceinformation for these procedures hasal ready been addressed
in other portions of this book, for example, in Secs. 2.1.1 and 6.1.4.

7.1 PHYSICAL TESTS

Physical-property tests are used to measurethe properties of adhesives
intheliquidor gelled statesprior to curing and inthe solid state after curing.
Testsfor theuncured statesuch asviscosity, visual examination, and surface
energy or contact angle assurethat fillers, if used, have not settled out, that
the material has not exceeded its pot life or shelf life, and that the supplier
hasnot changed theformulation. Visual examinationand density after cureare
performed to verify that voidsare not present or, if present, meet specifica-
tion requirements. Finally, light transmission and index of refraction mea-
surements are important for adhesives used in optoel ectronic applications.



Table 7.1. Classification of Adhesive Test Methods

Mechanical/Ther mo-

Physical Electrical Environmental Thermal mechanical Chemical Analysis
Viscosity Volure resstivity Solvent and cherrical
MIL-STD-883, X Exotherm . .
ASTM D2196 Method 5011 resigance during cure Hardness Weight-loss during cure
and ! IPC-SM-817, paragraph 9 ASTM D2240 No standard method
ASTM D2556 (38.11.2), 456 ASTM D2471
ASTM D257 -
Infrared spectrum (ASTM E1252 Practice
Spread and slump . : : A Modulus for General Techniques for Obtaining
IPC-SM-817, (I:Dc;r?!sf:nl:c g;;c;gon or migration Gel time ASTM D790 (flexural), Infrared Spectrafor Qualitative Infrared
Method 4.5.5 dissipati;)n factor IPC-TM-650. Method ASTM D2471 ASTM D638 (tensile), Andysis) or Fourier Transform Infrared
and ASTM D150-81 2614 ! and Reflection Spectroscopy (ASTM E1790-00
IPC-SM-870 - ASTM D412 (Young's) Standard Practice for Near Infrared
Quadlitative Analysis)
Density . : Radiation effects ASTM Thermal " Gas chromatography, mass spectrometry
ASTM D1875 Diclearic. D1879-99 Standard conductivity | Siorgation a (tf’lr ok 4) | ASTM D6420-99 Standerd Test M thod for
(uncured) ot Practicefor Exposure of ASTM C177 and Determination of Gaseous Organic
ASTM D792-91 XSI’aI\%IeDMQ Adhesve Specimensto and ASTM D638 (tensile) Compounds by Direct Interface Gas
(cured) High-Energy Radiaion ASTM C518 Chromatography-Mass Spectrometry
Surface energy FUNGUS resstance Weight |oss Coefficient of thermal lonic content (tota water extract
(wettability, contact | Arc resistance IP(gTM—GSO o rg expansion, conductance, pH, and specific ion contents)
angle) No standard ASTM D495 SI'M 2.6.1) ’ (A;I'eISI) D3850 glass-transition Federal Test Method Standard 406, Method
method o ASTM D3386 7071

(cont'd.)




Table 7.1. (Cont'd.)

Mechanical/Thermo-

Physical Electrical Environmental Thermal h Chemical Analysis
mechanical
Bond grength
tensilepull (ASTM
: o D1002), die shear (MIL-
Visual (Egiegé;a' stability | \1oisture absorption STD-883, Method 2019),
(MIL-STD-883, (MSFC SPEC (IPC-TM-650, flip-chip strength (MIL- Residual gas analysis
Methods 5011 and oo T™ 2.6.3.1, and STD-883, Method 2031), | (MIL-STD-883, Method 1018)
2017) M ethbd 4511) ASTM D570) substrate strength (MIL-
- STD-883, Method 2017),
and centrifuge (MIL-
STD-883, Method 2001)
Light transmittance g;“gm carrying Hydrolytic stability y&ﬁ%ﬁ%ﬁ%w Total‘ mess|oss, water Vapor recovery, and
. (IPC-TM-650, volatile condensable materials
(ASTM D1003-00) inter connect T™ 2.3.10) (MIL-STD-883, Method (ASTM E595)
resigance (N/A) - 2030)

Refractive index
(ASTM D542)

*NASA M SFC-SPEC-592 has been inactivated, but this method is described in this chapter.

Radius of curvature
(No standard method)




398

ADHESIVES TECHNOLOGY FOR ELECTRONIC APPLICATIONS

Table 7.2. Sources of Government and Industry Documents

Organization Address Web Site
. DODSSP .
E/'e'égra;]y’ 700 Robbins Ave., Bldg 4D mitf;'/ /dodssp.daps.
Philadel phia, PA 19111-5098 —
American Society for Tegting &
Materials
100 Barr Harbor Dr.
ASTM West Conshohocken, PA 19428 WWw.astm.org
(documents may be purchased from
ANSI)
American National Standards
ANSI Indtitute WWW.ansi.or
1430 Broadway WWW.ans.0Tg
New York, N.Y. 10018
I PC Association Connecting
Electronics :
IPC 2215 Sanders Road WWW.pc.org
Northbrook, IL 60062-6135
Environmental Protection Agency
Ariel Rios Bldg. WWW.E08.00V
1200 Pennsylvania Ave., NW WWW.Epa.gov
EPA Washington, D.C. 20460 or
Superintendent of Documents
P.O. Box 371954
Pittsburgh, PA 15250-7954
Electronic Industries Alliance
EIA 2500 Wilson Blvd. WWW.€ia.org
Arlington, VA 22201
Solid State Technology Association
JEDEC 2500 Wilson Blvd. www.jedec.org
Arlington, VA 22201
. . http://ndeaa.jpl.
NASA ,':?rlrﬁrr]]aj Aeronautics & Space Nasa.cov/Nasa:
) mp/mp-hp.htm
Intl. Organization for
1SO Standardization WWW.i SD.0r
1, rue de Varembe, Case pogtale 56 WWW.120.01g
CH-1211 Geneva 20, Switzerland
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7.1.1 Viscosity

Viscosity, ameasure of the flow properties of aliquid, isimportant as
anincoming receiving and acceptancetest for adhesives. During automatic
dispensing, measuring and monitoring, the viscosity of adhesivesis also
important to assure that the pot life has not expired and that reproducible
high-yield results are achieved. Rechecking viscosity is also used as a
criterionfor extending theshelf lifeof anadhesivetoverify that thematerial
has not changed and will be within itsworking life when used.

Viscosity istheinternal friction that resultsfrom intermolecular forces
of attraction and interactions between fillers and resins in adhesives, a
measureof resistancetoflow. Most adhesivesarenon-Newtonianfluidsthat
exhibit shear-thinning behavior, or decreasesin viscosity with increasing
shear rate. Exceptions to this general rule are the capillary-flow underfill
adhesivesthat tend to be Newtonian in fluid behavior.

A property related to viscosity isthethixotropicindex, ameasureof the
dependenceof viscosity onshear-rate. Thethixotropicindex (T1) istheratio
of viscositiesmeasured at speedsthat havearatio of 1:10rpm, for example,
at 2 rpm and 20 rpm. For non-Newtonian materials used in automated
dispensing, shear thinning is apparent from Tl values of 2—-6. In general,
capillary-flow underfills have thixotropic indices of 1, or closeto 1.

Whilevariousmethodsand equi pment can be used to measureviscosity,
themost common usesthe Brookfield viscometer (Fig. 7.1). ASTM D2196,
Rheological Properties of Non-Newtonian Materials by Rotational
(Brookfield) Viscometer,[*! coversthis method for Model LV F and Model
RV Fviscometers. Brookfield“LV” viscometersare used for low-viscosity
materials, “RV” for medium-viscosity formulations, and “HV” for high-
viscosity formulations. Test Method ASTM D2556, Apparent Viscosity of
AdhesivesHaving Shear -Rate Dependent Flow Properties,[?! al so specifies
the Brookfield RVF viscometer for measuring viscosity and thixotropic
index. Selection guidelinesfor thetypeof spindleand speed (rpm) aregiven
for viscosity ranges. High viscosity (>500,000 cps) SMT adhesives, for
example, typically use a Brookfield HAT with Helipath, and readings are
taken at 1 and 10 rpm or at 2.5 and 20 rpm using Spindle “D”.[3

The method and type of equipment used also vary with the type of
adhesive. Asan example, theviscosity of electrically conductiveadhesives
is measured according to ASTM D1824, Apparent Viscosity of Plastisols
and Organosols at Low Shear Rates by Brookfield Viscosity .48 The
viscosity of typical electrically conductivedie-attach adhesivesismeasured
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Figure 7.1. Brookfield DV-111 Ultra-Programmable Rheometer.

with a Brookfield HBT viscometer with Spindle TB and Speed 5.9 For
higher-viscosity conductiveadhesivesandfor underfill adhesives, aBrookfield
RVT or RVFviscometer isused!” with Spindles6 or 718 at speedsof 4-10.4
rpm.t®! Another Brookfield viscometer, the “ Cone-and-plate” viscometer
withaCP-51 spindleisused for |ow-to-intermedi ateviscosity adhesives.[**]
Finally, the Brookfield HAT and HBT instruments are used for the high
viscosity (1-2 million cps at 1 rpm) adhesives typically used in SMT
applications.!

Besides the Brookfield viscometers, the Haake rotoviscometer, (Fig.
7.2) PK10 M 10/PK 1 2 Cone, Casson Model isused to measure viscosity at
shear ratesof 0.4 to 30 s*. Thisinstrument isused alone or in combination
withaBrookfieldviscometer for SMT adhesives. Theequipmentisused not
only to measure viscosities, but also to provide flow propertiesin theform
of graphs of shear stress vs shear rate.

Inadditiontoviscosity andthixotropicindex, yieldvalue(alsoknownas
yield point or yield stress) is measured. Yield value is the minimum force
reguired to start the adhesivemoving. Yield value may be measured by two
methods. First, the yield value may be obtained from the curve of shear
stress to shear rate.['™ The curveis extrapolated to give the shear stress at
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Figure 7.2. Haake viscometer.

zero shear rateand theyield valueisread off they-axis. Inasecond method,
a Haake low-shear viscometer, (CV-100) is used. The stress peak upon
startup of rotation with the low-shear viscometer is a measure of theyield
value.

7.1.2 Spread and Slump

Thedegreetowhichanadhesive spreadsafter dispensing andthedegree
towhich it slumps after curing areimportant parametersin achieving high
yieldsin high-speed automated assembly. Adhesivesmust retaintheir dot or
pattern shapes after dispensing. Excessive flow or spread in conductive
adhesives may result in electrical shorting of adjacent conductors.

The spread and slump for surface-mount adhesives may be measured
accordingto |PC-SM-817, Method 4.5.5.114 A ccording to thismethod, sets
of adhesivedots(minimumthreeper set), 0.65cmindiameter and 0.25-mm
thick, aredeposited (for example, by screen or stencil printing) on each of
twofrosted glassmicroscope slides. One sampleisstored 50—70 minutesat
25°C+5°Cand 50% +5%rel ativehumidity and then measured for spreading
of the uncured adhesive. The second sampleis cured and measured for the
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increase in pattern from the original dimensions. The acceptance criterion
isanincrease of lessthan 10% of the original diameter of thedot or pattern.

7.1.3 Density and Specific Gravity

The density of amaterial is mass per unit volume reported as gm/cm?®,
Thedensity of uncured adhesivesisuseful inverifyingthecorrect portion of
liquid resin and filler ingredients of aformulation. The density of a cured
adhesiveisanindicator of the specific formulation and of completeness of
cure.

Thedensity of uncured liquid formulationsis measured as specifiedin
ASTM D1875, Density of Adhesivesin Fluid Form. A weight-per-gallon
cup whose volumeisexactly 83.2 ml at 25°C isweighed to the nearest 0.1
gram, filled with adhesive, and reweighed.[*¥ The net weight of adhesive
divided by the volume of the cup givesthe density.

Thedensity of acured, solid adhesivemay bemeasured by takingasmall
sample of theadhesive (any shape), weighingit (in grams), thenimmersing
itinagraduated cylinder containing aknown volumeof water (incm®). The
volumeof water displaced by thesampl eisequal tothevolumeof thesampl e,
and density then equals mass/volume.

Test methodsfor thedensity and specific gravity of cured adhesivesare
specifiedin ASTM D792, Density and Specific Gravity (Relative Density)
of Plasticsby Displacement.!' Specific gravity istheratio of thedensity of
amaterial to the density of water. For all practical purposes, density and
specific gravity are the same, however, for high precision, the density of
water must be taken into account. Specific gravity may be measured by
weighing apiece of cured adhesive (at least 1 cm®) in air, submergingitin
water at 23°C, and reweighing it while submerged. Specific gravity isthen
calculated as:

Eq. (7.2) Sg = W,/ (W, - Wy)

where sg is specific gravity, w, isthe weight of the sampleinair, and wgis
itsweight when submerged inwater. Takinginto considerationthewei ght of
the sinker and wire, if used to immerse the part in water, the equation
becomes:

Eq. (7.2 Sg = W,/ (W, + w - b)
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wherew, istheapparent weight of thesample, without wireor sinker, inair;
w egual s the apparent weight of atotally immersed sinker, if used, and of
partially immersed wire; and b equal stheapparent weight of thesampleand
sinker completely immersed in water and of the partially immersed wire.

7.1.4 Surface Energy

A knowledgeof thesurfacetension of theliquid adhesiveandthesurface
energy of thesubstratetowhichit will beapplied isimportant in predicting
thewettability and subsequent adhesion of thecured adhesive. Asarule, the
surfacetension of theadhesive should belessthan the surface energy of the
substrate. Additivesareoften added to adhesiveformul ationsto reducetheir
surface tensions, while cleaning processes are used to increase surface
energies of substrates.

The contact angle that aliquid makeswith asolid surfaceisameasure
of the wettability of the liquid to that surface as well as a measure of the
cleanlinessof thesurface. Theheight of awater droplet onasurfacerelative
to the base area it coversisindicative of the surface' s affinity to wetting.
Contact anglesdecreasing from90° to 0° indi cate progressiveimprovement
inwettability with 0° being compl etely wettabl e. Contact anglesincreasing
from 90° to 180° indicate progressively poorer wettability with 180° being
completely non-wetting. Contact-angle meters, known asgoniometers, are
useful quality-control tools to assure that a cleaning process has removed
hydrophobicresiduesor that aliquid coating will wet and adhereto asurface.
Instruments to measure surface tensions and contact angles are available
from Paul N. Gardner Co., BYK Gardner, and Ramé-Hart (Fig. 7.3).

7.1.5 Visual

Visual inspection of adhesivesis performed on both uncured and cured
samples. Uncured materials are inspected for uniformity of filler distribu-
tion, consistency, and adhesivecoverage. | nspection methodsaredefinedin
paragraphs 3.4.1 and 3.8.3 of Method 5011.4 of MIL-STD-883F.[1]

Visual-inspection criteria for cured adhesives used for element or
substrate attachment are specified in paragraph 3.1.2 of Method 2017,
Internal Visual (Hybrid) of MIL-STD-883F.[18] Visual inspection criteria
for adhesives are classified according to el ement and substrate attachment
and according to coverage and defects.



404 ADHESIVES TECHNOLOGY FOR ELECTRONIC APPLICATIONS

Figure 7.3. Goniometer.

Elementsbonded to substratesarevisually examined at magnifications
of 10X to 60X as stated in paragraph 3.1.4 of MIL-STD-883F, Method
2017.Inorder tomeet ClassH, adhesiveattachment for non-end-terminated
devicesrequiresaminimum50%filleting visiblearound the perimeter of the
deviceunlessthefilletiscontinuouson two full nonadjacent sides. To meet
ClassK, aminimum 75% of thefillet must bevisible. Thisregquirement also
appliesto end-terminated components such as capacitors. An exception to
thisruleisfor anadhesiveapplied directly to morethan 50% of thebond area
onthe substrate by using preform adhesivesor screening or stencil printing
paste adhesive directly to the bonding area. In such cases, mechanical
strength measurementsmay be performedinlieuof direct visual inspection.
Another exceptiontotheruleiswherethe device or substrateistransparent
and more than 50% coverage may bevisually verified.

Failurecriteriafor element or die-attach defectsinclude thefollowing:

« Adhesivematerial that extendsonto thetop surfaceof the
device.

» Cracksintheadhesivethat aregreater than5milsinlength
around the perimeter or 10% of the contact periphery,
whichever is greater. Fissures and pulling back of the
filler, however, are not considered cracks.
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Adhesive strings where the diameter at the attachment
point isless than 50% of the maximum dimension of the
string.

Adhesiveresidue on abonding pad.

405

Internal visual inspection for substrate attachment isalso performed at
magnificationsof 10X to 60X. The 50% and 75% fillet rules also apply for
element or die-attach adhesives.

Failure criteriafor substrate-attach defects are as follows:

Adhesive buildup that reduces separation to lessthan one
mil betweenthemounting material and activemetallization
or between amounting post not el ectrically commonwith
the attachment.

Any crack greater than 5 mil in length.

Adhesive strings where the diameter at the attachment
point isless than 50% of the maximum dimension of the
string.

Adhesive residue on a substrate bonding pad or package
bonding post as evidenced by discoloration or adhesive
residue on a substrate mounting post.

Inspection criteria for monoalithic integrated circuits are defined in
Method 2010.11 of MIL-STD-883F.[18! Failurecriteriafor diemountingare

asfollows:

Adhesive that extends onto or vertically above the top
surface of thedie.

Adhesivefillet not visiblealong 75% of each sideof thedie.

Adhesivethat bridgespackagepostsor isonthepost bond
area.

Separation, cracks, or fissuresgreater than 2milswidthin
the adhesive, at the cavity wall or cavity floor.

Transparent die with less than 50% of the area bonded.
Flaking, lifting, peeling, or crazing of thedie-attach mate-
rial.

Adhesivethatisconnectedtothefillet or conductivecavity
(e.g., metal package base or metallized floor of ceramic

package) and extends up the cavity wall to within 1.0 mil
of the package post.
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7.1.6 Luminous Transmittance

Luminoustransmittanceisameasure of the amount of light that passes
through atransparent material. Adhesives used in el ectro-optical intercon-
nectsmust have ahigh transmittance. Thetotal light transmittancethrough
amaterial isequal tothetotal incident light lessthelight that isabsorbed and
light that is scattered.

A related property ishaze or the scattering of light asit passesthrough
a transparent material. The standard test method for measuring both
transmittanceand hazeisASTM D1003-00, Sandard Test Method for Haze
and Luminous Transmittance of Transparent Plastics.'”) Instruments that
can measure transmittance, haze, and clarity are available from BYK
Gardner, Paul W. Gardner Co., and Hunter Associates Laboratories. A
typical test sampleconsistsof adisk 50 mmor 100 mmindiameter although
amost any flat sample can be used.

Ultraviol et-visiblespectrophotometerscan al so be used to measurelight
transmittanceover awavel engthrangeof 200to 2,000 nmwhen samplesare
cast as films.[2l

7.1.7 Index of Refraction

When light traversesfrom air through aliquid, itsindex of refractionis
the ratio of the sine of the angle of incidence to the sine of the angle of
refraction. The index of refraction is a constant for each material and is
greater than onewhen light entersadenser medium from ararer mediumas
fromair through aliquid. Theindex of refractionisimportant for adhesives
usedintheassembly of polymer optical fiber bundlesandterminationswhere
the index of the adhesive should match that of the silicon optical fibers.
Furthermore, theindex of refractionmay beused asanindicator of thedegree
of purity of solidsandliquidssuch aspolymer resins, solvents, diluents, and
mixed adhesive formulations. The refractive index is measured using a
refractometer, of which the preferred method, ASTM D542, Index of
Refraction of Transparent Organic Plastics, uses an Abbé refractome-
ter.[*% Refractiveindicesrangingfrom 1.3to 1.7 inincrementsof 0.001 can
be measured with high accuracy.
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7.2 ELECTRICAL TESTS

Themain electrical propertiesrelated to organic materials are volume
resistivity (for both conductiveand nonconductiveadhesives) and dielectric
constant and dissipation factor (for insulative materials). Other electrical
testsfor conductivematerial sthat aremoreapplication specificareel ectrical
stability, current-carrying capacity, and i nterconnect resistance.

7.2.1 Volume Resistivity

Volumeresistivity is ameasure of the electrical conductivity of adhe-
sives or the insulation resistance of a nonconductive material. Volume
resistivity is used to qualify adhesives for electronics and also to evaluate
long-termreliability after aging. V olumeresistivity for conductiveadhesives
isgiven by the equation:

Eq. (7.3) p=(Rxwxt)/l

where p=resistivity inohm-cm, R=measured resi stance (ohms), w=width
incm, and | = length between the inner pair of probes, in cm.

This test is specified in Method 5011.4 of MIL-STD-883F in
3.8.11.1.3.[%% vVolume resistivity is usually measured at 25°C, 60°C, and
150°C, and then measured at 25°C after 1,000 hours of aging at 150°C.

Insulation resistanceisthe ohmic relationship of applied voltagetothe
total current between two electrodes in contact with a specific material.
Insulation resistance is directly proportional to the length and inversely
proportional to the areaasfollows:

Eq. (7.4) IR = pl/A

where IR = insulation resistance (ohms), | = length (cm), p = volume
resistivity, and A = area (cm?). Specifically, volumeresistivity, pisohmic
resistanceof acubeof bulk dielectricmaterial onecm/sideexpressed asohm-
cm. Requirementsfor insulative adhesives are given in paragraph 3.8.11.2
of Method 5011.4 of MIL-STD-883F.[?)
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7.2.2 Dielectric Constant and Dissipation Factor

Dielectric constant (€) and dissipation factor (DF) are related to
capacitance (C) and can be calculated from capacitance measurements.
Capacitance, between a parallel-plate capacitor, is directly proportional to
the dielectric constant of the insulator separating the conductors and the
conductor area, A, andinversely proportional tothedistance, d, betweenthe
conductorsasshownin:

Eq. (7.5 C=¢eAd

If the gap between the platesisfilled with a dielectric material, the capac-
itance increases by a constant factor characteristic of that material. The
dielectric constant, ¢, isdefined as;

Eq. (7.6) C,=¢&C,ore=C,/C,

whereC,,and C, arecapacitanceof thematerial and avacuum, respectively.
Because dielectric material affects the force with which two oppositely
charged platesattract each other, thediel ectric constant may al so bedefined
astherelative effect of the medium on thisforce of attraction, according to
Coulomb’ sequation:
Eq. (7.7) F =QQ /ed?
where.  F = forceof attraction between thetwo plates

Q= chargeononeplate
Q" = chargeonthesecond plate

€= dielectricconstant

d = distancebetweenplates
Thus, thehigher thedi el ectric constant of thematerial betweentheplates, the
more attenuated will be the force of attraction between the plates. The
dielectric constant of vacuumis 1. Of air, itisdlightly above 1, whichfor all
practical purposes is also taken as 1. This simplifies the measurement
somewhat. Details of sample preparation, test methods, and equipment for
measuring dielectric constantsaregivenin ASTM D150.124 M easurements
are made at a standard frequency of 1 MHz for comparative purposes.
M easurements at higher frequencies extending into the gigahertzrangeare
necessary for high-speed and high-frequency circuits.
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Thedissipationfactor, DF, istheratio of theresistive (oss) component
of current |, to the capacitive component of current, |, and equals the
tangent of the dielectriclossangle, J, asfollows:

Eq. (7.8) DF=1/l,=tan &

Asfor dielectric constant, test methods for dissipation factor may also be
found in ASTM D150.[21

7.2.3 Electrical Stability

Electrical-stability testing isessential for conductiveadhesivesusedfor
electrical connections. Electrical conductivity candegradeat elevated tem-
peratures, on aging with or without power, and on exposureto humidity and
temperature. The specifictest method used dependsontheapplication. One
test used for die-attach adhesives specified in NASA MSFC-SPEC-592
(now inactive) involves a series of gold-plated Kovar® tabs attached with
conductive epoxy to metal pads on an interconnect substrate. In the test
vehicle, abias of 5 volts and current density of 139 +3.9 amps/cm? (900
amps/in?) are applied to aseries of wire-connected tabs, and the resistance
changeismeasured after exposureto 150°C periodically upto 1,000 hours.
The maximum allowabl e resistance change is 5%.

Electrically conductive adhesivesthat are used as solder replacements
are evaluated for material characteristics and contact resistance on solder
surfaces. In one study, the requirement for volume resistivity is given as
0.001 ohm-cmor lessand for contact-resi stance change as20% or less after
500 hours of 85/85-exposure.l?

7.24 Current-Carrying Capacity and Interconnect
Resistance

Other characteristics of electrical interconnects are current-carrying
capacity andinterconnect resi stance. Current-carrying capacity isimportant
forthequalification of adhesivesfor flip-chipinterconnects. Typical current
densities for conductive epoxies used as flip-chip bumps are 1020 amps/
mm? and typical bump resistances are 12 mQ.

No standard test method existsfor thesetests. According tothegeneral
guidelinesof | PC-3406,[23 junctionresi stance shal | bemeasured beforeand
after performing the IPC aging tests on all surface materials that comein
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contact with adhesives. Bond-joint resistance is measured by depositing a
strip of adhesive 1inch x 0.5inch (minimum) onto gol d-plated stainlesssteel
andthen applyingasecond gol d-plated stainless-steel striptogiveaone-half
inchoverlap.!?4

7.2.5 Metal Migration

Metal migration, especialy silver migration, may be quickly tested by
applyingadrop of deionized water acrosstwo closely spacedsilver or silver-
filled conductorswhileaDC potential of 2—10voltsisapplied. Catastrophic
bridging and shorting of theconductorslinesisvisibleat low magnification.
The onset of migration is also indicated by the decrease in insulation
resistance betweenthelines.

Other standard testsinclude UL 796 (Underwriters Labs.) and ASTM
F1996-01.1%% According to the | atter test, samples are prepared that repre-
sent the minimum circuit spacing and are energized with a DC or AC
potential equal totheanticipated voltagerating for the PWB or interconnect
substrate. Prior to humidity exposure the samples are subjected to a 60
second dielectric withstanding voltage of 40 V/mil to amaximum of 1,000
V. The samples are then exposed at 23°C, 95%—100% RH, energized for
1,344 hours, and examined for metal migration at 10X.

7.3 ENVIRONMENTAL TESTS

Adhesives may be exposed to solventsin subsequent assembly opera-
tions such as cleaning, and adhesive bonds are subject to el evated tempera-
turesassociated withwirebonding in packaged devicesand surface-mounted
parts. Adhesives in electronics are also bonded to different surfaces, and
corrosion testing is required to verify the stability of cured adhesive
interconnects. Adhesivesal oneor in combinationwith moisturecan degrade
the electrical stability over time. Adhesiveson printed-wiring boards must
also be resistant to fungus growth and be nonflammable. Finally, high-
radiation and prolonged radiation exposuresin spaceor satel liteapplications
canresultinreduced mechanical attachment and reduced high-temperature
stability.
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7.3.1 Solvent and Chemical Resistance

Cured adhesives must be resistant to the effects of solvents and
chemicalsused in subsequent cleaning and processing steps. Dissolving or
swelling of adhesives degrades their mechanical, electrical, and physical
properties. Adhesives' resistance to solvents is evaluated based on the
function or application.

For example, solvent or chemical resistance of adhesives used in
surface-mount assembly may betested accordingto Method 4.5.6 of ANSI/
IPC-SM-817, General Requirements for Dielectric Surface-Mounting
Adhesives.[*3 Although this method specifies specific solvents including
isopropanol; 1,1,1-trichlorotrifluoroethane; an azeotrope of 6% methyl
alcohol and 94% trichlorotrifluoroethane; and a 10% alkaline detergent
solution (about pH 13), other solvents and chemicals encountered during
manufacturing, screening, and rework processes should also be evaluated.
Deposited dotsof SMT adhesivesexposedtothesol ventsfor variousperiods
of time are examined visually for physical changes or degradation.

7.3.2 Corrosion

Thepotential for corrosion caused by adhesivesrequireseval uationsin
both the cured and uncured state. In onetest, devel oped for NASA M SFC-
SPEC-592,[%6 the adhesive componentsor thecured adhesiveareappliedto
aluminized-Mylar® filmand examined after 48 hoursfor etching or transmit-
tanceof light throughthe Mylar. A second test involves embedding copper
wire with the adhesive and measuring corrosion by resistance changesin
copper wire.[?”) Becauseof thewidevariety of testsand thefact that they are
closely related to adhesivereliability issuesdiscussedin Ch. 6, thereaderis
referred to that chapter.

7.3.3 Radiation Effects

Adhesives are used in satellite and missile applications that may be
exposedto high-energy radiation. Evaluating theeffect of total doseand dose
rate on the mechanical, electrical, and chemical properties of adhesivesis
required for reliability. ASTM D1879, Exposure of Adhesive Specimensto
High-Energy Radiationl?®! defines conditions for exposure. Categories of
dose rate exposure within this method are:
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Gammaradiation, x-radiation:  10°-107 rads/hour
Electrons (betaradiation)
Radioi sotopes: 10°-10" rads/hour
Accelerators: 10%-10%rads/hour
Reactor radiation: 10°-10/ rads/hour
(neutrons and gammacradiation)

Theeffectsof atotal dose of ionizing radiation from acobalt-60 source
may be measured by Method 1019.5 of M1L-STD-883F.[?°l Although this
method is intended for radiation effects on semiconductor devices, the
radiation sources, doses, and procedures can be used to evaluate the effects
on exposed adhesives, provided that changes in bond strength or other
physical or electrical properties are measured.

7.3.4 Fungus Resistance

Fungus-resi stancetestsare used to determine thereaction of adhesives
to several speciesof fungi under high humidity and awarm environmentin
the presence of inorganic salts. Testing for fungus resistance is more
appropriate for exposed adhesives asin printed-wiring assembliesthan for
hermetically seal ed devicesor modul es. Onetest method specifiedasMethod
4.5.14 in IPC-SM-817(*2 references Method 2.6.1 of |PC-TM-650, Test
Methods Manual .39

According to this method, atest sasmple and a known nutrient control
sample are inocul ated with fungus spores and stored at 30°C and 90% RH
for 20 hoursfollowed by 4 hoursat 100% RH. The samplesare checked for
fungusgrowth after 7 days. Thecontrol should show signsof fungal growth.
If thetest sample al so shows fungus growth, the test can be stopped; if not,
thetestisextendedto 28 days. Thetest adhesiveisconsidered” non-nutrient”
if no growth shows at the end of 28 days.

7.3.5 Moisture Absorption

Mooisture absorption in uncured and cured adhesives is important for
reliable adhesive bonding. Absorbed moisture in adhesives, particularly
thoseusedin surface-mounted parts, may resultinvoidsinthebondlinedue
tomoisturedesorption or entrapment. Absorption of moistureafter cureal so
affects reliability. Popcorning, the cracking of plastic parts during solder
reflow, isdueto the rapid vaporization and expul sion of moisture retained
by the die-attach adhesive or the plastic encapsul ant.
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Water absorption of acured adhesiveisthe percent of water absorbed
inagivenperiodof timeat agiventemperature. Adhesivesuppliersgenerally
measure and report water absorption data based on exposure to water over
24 hours at room or elevated temperature based on ASTM D570, Water
Absor ption of Plastics.[*! Samplesareusual ly preconditioned at 50°C +3°C
prior to immersion. Moisture absorption may also betested as specifiedin
paragraph 3.3.10 of |PC-TM-650.13)

7.3.6 Hydrolytic Stability

Hydrolytic stability is the resistance of a cured polymer material to
reverting to asemisolid or liquid form when exposed to high humidity and
temperature. Testing for hydrolytic stability isimportant for adhesivesand
other polymersthat may bedirectly exposed to highhumidity for long periods
of time, asintropical environments. Hence, testing appliesmoreto printed-
wiring assemblies than to hermetically sealed circuits. The hydrolytic
stability test usedfor solder masks(IPC-TM-650 Method 2.6.11 asspecified
inlPC-SM-817 Section4.5.15) may al so beusedto evaluateadhesives. Test
specimens are prepared by stenciling adhesive 0.25 mm £0.05-mm thick.
The specimens should befreeof air bubbles or voidswhen examined under
backlighting. Test samplesarethen exposedto95%+4%RH and97°C £2°C
for 28 days and examined visually for evidence of reversion indicated by
softening, chalking, blistering, cracking, tackiness, loss of adhesion, or
liquefaction.

7.4 THERMAL TESTS

Withincreasing temperature, organic coatingsand plastic materials, in
general, undergo a variety of changes from simple changes of state (for
example, melting, softening, subliming, or glass-transition phasechanges) to
catastrophic decomposition dueto fracture of the polymer structure, oxida-
tion, and outgassing of decomposition products. The thermal limits of
adhesives should be known or measured to assure that the material will
remain stable under the actual operating conditions or accelerated condi-
tions, if those are used as screening or qualifying tests. Thermal testing of
formulated, but uncured-adhesivematerial sincludethe measurement of heat
absorption or heat evolution (exotherm) during cure, gel timeat variouscure
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temperatures, and weight loss during cure. Cured-material thermal tests
includethermal conductivity, CTE, Ty, andweight lossof the cured sample.

Key test methods for thermal stability include differential-scanning
calorimetry (DSC) (also known as differential-thermal analysis, DTA),
thermal conductivity, thermogravimetric analysis (TGA), gas chromato-
graphi c and mass-spectrometric analyses, and changesin mechanical prop-
ertiessuch astensilestrength and el ongation. Theseanal ytical methodsmay
also be used to study chemical and physical changes that occur from
exposure to various types and intensities of radiation. The degradation
products of radiation often parallel those from thermal exposure.

7.4.1 Endotherm, Exotherm, and Gel Time

During the process of curing, adhesives, as well as other polymeric
materials, undergo physical and chemical changesdueto absorption of heat
(endotherm) and evolution of heat (exotherm).

Theexotherm(heat generated by uncured adhesivesasthey polymerize)
is measured by adhesive suppliers for material characterization and the
quality control of resins and curing agents. Users of adhesives may also
measurethepeak exothermtemperatureandtotal energy to assurecompl ete-
ness of cure. Test method ASTM D2471, Gel Time and Peak Exothermic
Temperature of Reacting Themosetting Resins,33 covers this measure-
ment. Peak exothermic temperature is monitored using a temperature-
sensitive probe; the highest temperature recorded is the peak exothermic
temperature. Another, commonly used analytical method, is to run a
differential-scanning calorimetry scan on a sample and report the peak
exotherm.

InDSCor DTA, theheat input (endotherm) or heat generated (exotherm)
of a material can be continuously monitored while it is subjected to a
controlled temperatureincrease. The heat changes measured correspond to
phasechangesthat occur at theindicated temperature; for example, they may
consist of glass transitions, softening, melting, oxidation, sublimation, or
decomposition: all characteristics of agiven material 1331133 Applications
includedetermination of thedegreeof cureand thermal stability of polymeric
materials. LikeTGA, small samplesizesinthelow milligramsareused. The
heating rate may be 5°C to 20°C/min, and the thermal exposure may be
conducted in aninert or air ambient.
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Gel timeisalso used asaquality-control tool for formulated adhesives.
Duringthecure of an adhesive, itssurfaceistested every 15 secondswith a
clean probe. Gel timeisdefined asthetime at which the adhesive nolonger
adheresto the probe.

7.4.2 Thermal Conductivity

Thermal conductance and conductivities are derived from the Fourier
equation. Thetotal amount of heat amaterial conducts is directly propor-
tional to the surface area, thetime of contact, and the temperature gradient
and isinversely proportional to the thickness of the sample, according to:

Eq. (7.9) QO (T,- TYAtd

where: Q= total heat flow injoules, J
A= surface area, n?
d = thicknessof sample,m
T, = temperature of the hot surface, °C or K
T, = temperature of the cold surface, °C or K
t = time, sec
When aproportionality constant, k, isintroduced, thethermal conductivity
equationbecomes:

Eqg. (7.10) Q=Kk(T,-TyAtd
And rearranging to solvefor k
Eq. (7.11) k = Qd/(T, - TpAt

and the units become W/m-K.

The constant, k, isamaterial constant called the coefficient of thermal
conductivity. It isthe time rate of heat flow under steady-state conditions
throughaunit areaand unit thicknessper unit temperaturegradient. Several
methods for measuring thermal conductance are available, of which the
guarded-hot-plate and heat-flow meter methods are the most widely
used. The most accurate method for plastics having thermal conductivities
of 3.4 x 103 cal/(sec)(cm)(°C) [1.4 W/m-K] or less(most filled and unfilled
polymers) i stheguarded-hot-platemethod asdescribedin ASTM C177.[361137]
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Guarded-hot-platemethod. Two typesof guarded-hot-plate apparati
canbeused. They aresimilar in principle, but differ somewhat in construc-
tion. One example, shown in Fig. 7.4, consists of three sections: a central
heating plate, guard heating plates, and cooling plates. The guard portion
insures unidirectional heat flow from the central heater and eliminates any
influencesfromtheedgeof thesample. Thermocouplesarel ocated at various
positions in the guarded-hot plate to measure the difference between the
temperature of the guard ring and central heater and the temperature of the
hot and cold surfaces. Thecentral heating unit and cooling unitsareadjusted
until thetemperaturedrop throughthetwo sidesdoesnot differ by morethan
1% and thefluctuation over aone-hour periodisno greater than 0.5% of the
temperaturedifferencebetweenthehot and cold plates. Whenequilibriumis
reached, measurements are taken of the temperature differences across
specimens; thehot-platetemperature, T,; thecol d-platetemperature, T,; and
the electrical power input, Q, to the central heater. Knowing the thickness
and areaof thesample, thethermal conductivity can be calculated using the
thermal conductivity equation given above. Thesamplethicknessmay vary
withthemaximumthicknessbased oncalcul ationslistedin ASTM C177.1%
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Heat-flow-meter method. The steady-state thermal transmission
properties of aninsulator can be measured using aheat-flow meter. Thisis
asecondary or comparativemethod of measuringthermal conductivity since
only theratio of thethermal resistance of the specimen to that of astandard
specimen is measured. According to this method, described in ASTM
C518,%8 a sample is placed between a warm and cold plate. The meter
measures heat flow through the specimen by generating a temperature
difference acrossaslab of material of known thermal resistance. A calibra-
tioncurveisgenerated using sampl esof knownthermal conductivities. These
samples should have thermal conductivities close to those expected of the
sampl estested. Sampl ethicknessesmay rangefrom 0.001to 0.8inchesbut,
for accuracy, the value of thermal conductivity divided by the sample
thicknessshould belessthan 400 W/m-K. Intheheat-flow-meter method, the
spacing between the warm and cold plates is based on the theoretical
maxi mum thicknessof thespecimensintheconventional guarded-hot-plate
apparatus. Calculations of this spacing may be foundin ASTM C518.

L aser -flash method. For highthermal -conductivity adhesives, such as
thesilver-glasscompositionswhosethermal conductivitiesaregreater than
20 W/m-K, theindirect |aser-flash method is used. Unlike the steady-state
methods, the flash method does not measure thermal conductivity directly,
but measures thermal diffusivity, from which thermal conductivity is
calculated asfollows:

Eq.(7.12)  k=DC,d

wherek = thermal conductivity, D = thermal diffusivity, C, = specific heat
capacity, and d = density.

The flash method, described in ASTM E1461, Standard Test Method
for Thermal Diffusivity of Solids by the Flash Method,!*¥ is based on
measuring the temperature rise of the back surface of the samplewhen the
front surfaceisirradiated with ahigh-energy pul sefromalaser or flashlamp.
Thermal diffusivity isusually carried out by rapidly heating one side of the
sampleand measuring thetemperatureriseontheother side. Essentially, the
temperaturerisefollowsthe propagation of the pul se pattern. Small sample
sizesof 12.5 mmdiameter and 1-2-mm thick can beused. Theflash method
is applicable only for homogeneous solid materials. For materialsthat are
substantially inhomogeneoussuch ascompositeor anisotropic materials, the
thermal diffusivity values may be erroneous.
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7.4.3 Weight Loss of Cured Adhesive

Weight loss with increasing temperatureis performed as a measure of
the thermal stability of adhesives. Thermogravimetric analysis (TGA) has
been used for many decades as a quantitative measure of the total weight
loss of outgassed productsfrom polymersasthey are heated at acontrolled
rate. A TGA apparatus consists of a precision electrobalance contained
within a controlled-temperature oven such that the change in mass of a
sample can be dynamically measured as afunction of increasing tempera-
ture. Thetemperatureisincreased at aprogrammed rate or the sample may
be kept at constant temperature and wei ght changes recorded asafunction
of time (isothermogravimetric analysis). Sample weights of several milli-
grams to several grams can be accommodated and weight losses or gains
as little as 0.5 micrograms can be measured. The programmed rate of
temperature increase is normally 10°C per minute. Weight loss versus
temperature curves (TGA curves, also known as pyrograms) are useful in
determining the onset of outgassing, theweight lossat aspecified tempera-
ture, and the temperature at which total decomposition occurs. TGAs may
be conducted in nitrogen or, when thermal oxidative stability is being
evaluated, inair.

Thermogravimetric analyzers may be connected to avariety of chemi-
cal analyzersto determinethe exact composition of the outgassed materials
asthey areevolved. Among chemical analysismethodsare gaschromatog-
raphy, infrared spectroscopy, and mass spectroscopy; for example, aTGA
apparatus may be coupled with a Fourier Transform Infrared (FTIR)
spectrophotometer to measure the thermal oxidative stabilities of several
fluorinated polyimides.[4C)

TGA isusedto qualify adhesivesfor use at process temperatures such
as those experienced during belt-furnace sealing. The standard test proce-
dureforthismethodisASTM D3850, Rapid Thermal Degradation of Solid
Electrical Insulating Material sby Thermogravimetric Method.1Yl Accord-
ing to thisprocedure, amanufacturer’ ssystemiscalibrated towithin +0.01
mg and +0.1°C. The purgerateis40 to 100 cm3/min and the heat rateis set
to5°C/minute. Method 5011.4 of MIL-STD-883F, 3.5.2 alsoreferencesthis
method. A maximum heat rate of 10°C/minute is allowed in a nitrogen
atmospherewith 20 cm3/minute nitrogen flow.



TEesT AND INSPECTION METHODS 419

7.5 MECHANICAL AND
THERMOMECHANICAL TESTS

Mechanical and thermomechanical tests for adhesives are primarily
used to evaluatethe stressimparted by adhesiveson bonded parts. Included
inthis category are physical characteristics such as hardness and modulus
that are a measure of rigidity of the cured adhesive. Other mechanical
properties used to evaluate and classify materials are modulus and elonga-
tion-at-break, as well as the coefficient of thermal expansion above and
below the glass-transition temperature. A third general areaof testsisbond
strength that may includetensileshear aswell asdie-shear and stud-pull tests
for devicesand centrifugefor both devicesand substrates. Finally, radiusof
curvature is used to characterize residual stress of devices imposed by
adhesives as related to cure conditions and post-processing, such aswire
bonding and plastic molding or encapsul ation.

751 Hardness

Hardness is used both as a qualification and acceptance test for
adhesives. Itisasimple, low-cost test that can be used as arough indicator
of thedegreeof cure. Thereareseveral instrumentsfor measuring hardness,
but themost widely used arebased on aspring-loadedindentor that ispressed
intoasample. Small portableinstrumentssuch asthe Shore Durometersgive
an analog or digital reading on a0 to 100 scale. The Shore A Durometer is
used for soft materials, Shore B for moderately hard, Shore C for medium
hard, and Shore D for very hard materials. Thismethodisdefinedin ASTM
D2240.142

7.5.2 Modulus and Elongation (Flexural)

Flexural modulus is a measure of the strength of adhesives. Modulus
dataare most often used in stress analysis (one-dimensional or as an input
to3D-modeling). Inadditiontoflexural modulus, elongation-at-break isalso
recorded. Thestandard test method isASTM D790, Flexural Propertiesof
Unreinforced and Reinforced Plastics and Electrical Insulating Materi-
als.[*3 Two methodsare specified. Thefirst usesathree-point bending test;
two supportshold the part and aloadisapplied with asinglepoint toinduce
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flexure. Inthesecond method, (four-point bending) theforceisappliedusing
two heads or points. Theflexural modulusis cal culated from thefollowing
equation:

Eq. (7.13) E = L3F/4bhdy

where: L = lengthof span
y = distancecovered by aload F during flexure, measured
fromtheinitial position
F = load (inNewtons)
b = width of test bar (in mm)
h = thickness of test bar (in mm)

7.5.3 Modulus and Elongation (Tensile)

Young'smodulus, also referred to as el astic modul us, tensile modulus,
or modulusof elasticity intensionistheratio of stress-to-strainandisequal
to the slope of a stress-strain diagram for the material. In the standard test
method, ASTM D412, aforceisappliedto a“ dog-bone-shaped” sample of
thecured adhesive. Theforceat elongation (strain) ismeasured. Most often,
the elongation is 25%—30% although for elastomeric materials it may be
100% or greater.

Tensile and elongation characteristics of materials may also be evalu-
ated according to ASTM D638-96, Tensile Properties of Plastics (Met-
ric).1* According to thismethod, bi-axial strain gages are used to monitor
axial and transverse strain in dog-bone test samples. Ultimate strength,
modulus, Poisson’ sratio, and percent strain at failure are determined.

754 Coefficient of Thermal Expansion and Glass-
Transition Temperature

Thermomechanical-anaysis(TMA) testingisusedtomeasureamaterial’s
expansion coefficient above and below the glass-transition temperature or
Tg- Thermomechanical analysis continuously monitors the expansion of a
probeonasampleasafunction of temperature. Thestandard test method for
TMA is ASTM D3386, Coefficient of Linear Thermal Expansion of
Electrical Insulating Materials.“®! In addition to the glass-transition tem-
peratureor T, the expansion coefficients above and below T arereported.
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7.5.5 Bond Strength

Bond strength is measured to assure that bonding materials retain
adhesion at temperatureand after aging or thermomechani cal stresses. Bond
strength is measured as tensile strength for SMT adhesives and die-shear
testing for component and substrate adhesives. Specialized adhesive test
methods are also used for flip-chip and substrate strength, and centrifuge
testing is used to evaluate both die and substrate adhesion.

Tensilestrength. Tensilestrengthisevaluated by pull testing on metal
“lap-shear” coupons, most often aluminum. The standard test method is
ASTM D1002, Apparent Shear Strength of Single-Lap-Joint Adhesively
Bonded Metal Specimensby Tension Loading (Metal-to-Metal).[*8! Alumi-
num couponsareoverlapped by 1/2in (typical) and awireisused asaspacer
to control bondline thickness. Method 5011, paragraph 3.8.8.2 of MIL-
STD-883F referencesthis specific method.

Die-shear strength. Die-shear testing is performed both for qualifica-
tion and quality assurance testing of adhesive-attached semiconductor die
and other chip devices. MIL-STD-883F, Method 2019.7147! definesthetest
method most commonly used. A uniform forceisapplied to the edge of the
die using a die-contact tool. The tool loads against the edge of the die
perpendicular to the mounting plane (substrate). A lateral forceisapplied
sufficientto shear thediefromthesubstrate. Failurecriteriaaregivenasthe
minimum forcein kilogramsrequired to detach the die based on the area of
thedie. Graphsof failurecriteriaareprovidedin Method 2019 for minimum
strength, 1.25 times minimum, and 2 times minimum strength asafunction
of diearea. M ost wire-bond pull testersare now also equipped for die-shear
testing.

Dieand substratestrength. Another method for measuring either die-
or substrate-attach adhesi on strengthinvol vesattaching acontact tool tothe
top of the die or substrate with an adhesive that is stronger than that of the
die-attachment adhesive. The tool applies a vertical force until the die
detaches from the substrate or until a minimum specified strength is
achieved. Thetest method and failure criteriaare specified in Method 2027
of MIL-STD-883F.l4!

Centrifuge testing (constant acceler ation). Centrifuge testing, also
known as constant acceleration, is applicable to both die and substrate
adhesion and isdefined in Method 2001 of MIL-STD-883F.[4? According
to this method, parts assembled with adhesives are centrifuged in the Y,
direction with the die-side against the wall of a spinning test chamber
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(centrifuge). The centrifugal force pullsagainst the attached devices. Parts
may be centrifuged to aknown “G” load or until failure occurs. Centrifuge
testing iswidely used asa 100% screen test for hermetically sealed hybrid
microcircuits and multichip modulesfor both ClassH (military) and Class
K (space). In both cases, according to M| L -PRF-38534E5%) modul es must
pass 3,000 G without any detachments. In addition, for qualification,
modules must pass 5,000 G inthe Y, direction.

M echanical shock Method 2002.4 of MIL-STD-883°4 may beused as
an option instead of constant acceleration as the screen test, but both
mechanical shock and constant accel eration must be used for qualification.

7.5.6 Acoustic Microscopy

Scanning acoustic microscopy (SAM) isanideal nondestructivemethod
for revealinginternal flawswithin material sor between material interfaces.
SAM isextensively usedindetecting voids, delamination, and other separa-
tions that can occur in adhesive-attached parts, especially after thermal
cycling. SAM is particularly useful in the analysis or evaluation of many
types of electronic parts, including ceramic and plastic-encapsulated 1Cs,
plastic-encapsulated microcircuits (PEMs), hybrid microcircuits, CSPs,
PBGAS, and printed-wiring boards.

Theacoustic microscope produces animage by mechanically scanning
withanultrasonictransducerinan X, Y pattern over thetest specimens. This
“scan” isperformedinavessel filledwith deionized water or other liquid that
couplesthe ultrasonic energy from the transducer to the part. Water isthe
most effectivemedium but, wheretheel ectronic partissensitiveto moisture,
other liquids such as acohols can be used. The transducer emits a short
ultrasonic pul se and then detectsthe echo. If the partisfree of defects, there
will betwosignals, fromthenear andfar surface. If thereisaninternal defect,
suchasavoidor delamination, thetransducer will detect anadditional return
signal. This signal has a direct relationship to the depth of the defect.
Moreover, acoustic images from several depths can be acquired simulta-
neously, revealing defects at each interface in an electronic device.

Images aretypically displayed as either C-scans or B-scans. A C-scan
isanoverall X, Yview of thetest specimen at aparticular depth or interface.
A color scale or black and white image displays signal amplitude. B-scans
display animageof across-sectioned view at achosenlocationwiththescan
indicating signal amplitude. Acoustic microscopes have the flexibility to
adapt different transducers for different applications from low-frequency
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transducers (1 through 15 MHZz), used for detecting large flaws in thick
materials (through which sound travel sslowly) to 50 MHz transducersthat
can examine thin Kovar® of 30 mils or aluminum up to 200-mils thick.
Higher frequency transducersareneeded for thin substratematerial ssuch as
aluminaor galium arsenide. The high-frequency transducers allow finer
resolution and greater detail, but do so at the expense of penetrating power.

Theacoustic microscopehasthesoftwareto analyzetheimageoncethe
scan is completed. Analysis tools include: histogram (for percentage of
voids), vertical and horizontal profile, zoom, manipulation of color scale,
measurements, and multiple scans. The system also has the capability to
print either in color or black and white, or to transmitimages el ectronically
over the network.

Although there is no standard test method for acoustic microscopy,
Method 2030, Ultrasonic Inspection of Die Attach of MIL-STD-883F%2
is used to nondestructively detect unbonded regions and voidsin IC die-
attachment materials. Parts are rejected if asingle void larger than 15% of
the contact areaispresent (>10% at acorner) or morethan 70% of any given
quadrant is detached.

7.5.7 Radius of Curvature

The ability of an adhesive to absorb stresses associated with bonding
large devices to substrates with mismatched expansion coefficients is
directly measured by theradiusof curvature. Radiusof curvatureof adevice
bonded to a leadframe is determined in order to predict relative stress
absorption capabilities of materials. Thereis no industry standard for this
test, and measurement techniques vary by vendor. The radius of curvature
isused in determining the bending stress as defined bel ow:

Eq. (7.14) Bending stress = Eh/2Yr

where: E=Y oung’ smodulus, h = thickness of the specimen, Y =Poisson’s
ratio, and r = radius of curvature.!>3!

Typically, an automatic dispenser is used to apply enough adhesiveto
completely cover the underside of adie. Bondlinethicknessesof 1.0t0 1.5
milsandfilletsof 50%to 75% of thediethicknessarerecommended. Thestar
pattern of dispensingissuggestedto achieve optimum coverage. A surface-
roughnesstester, suchasaBrown & Sharpe Surface RoughnessMeasuring
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Instrument Model Surfcom 120A or equivalent, is used to measure the

profile of the cured sample.[>4
Radius of curvature, r, is determined as (see Fig. 7.5):

Eq. (7.15) r?=(r-x) + (L/2)?
Andrearranging:
Eq. (7.16) r = [x? + (L/2)3/2x
where: ristheradiusof curvatureinmillimeters, xisthemaximumamplitude
(um) from the printout, and L isthetraversed length of the specimen.
L aser interferometry can al so beusedto measuretheradiusof curvature.

Changesin surface deflection are detected from the angl e of reflection, and
theradius of curvatureisdetermined.

Figure 7.5. Radius of curvature diagram.

7.6 CHEMICAL ANALYSIS

Many chemical and analytical or instrumental methodsareavailablefor
analyzing adhesives for chemical structure and composition, outgassing,
decomposition products, andionicimpurities.
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7.6.1 Weight Loss During Cure

Weight loss during cure is ameasure of the amount of volatiles given
off during cure. High-weight | ossisaconcernin contaminating curing ovens
and subsequently redepositingontocritical surfacesof circuits, suchaswire-
bond pads. There is, as yet, no industry standard for this test. Some
adhesives' suppliersuse“simulated” silicon die attached to aglass micro-
scope slide and accurately weigh the glass slide, the silicon chips, and the
adhesive-bonded sampl es; then, by difference, cal culatetheinitial weight of
uncured adhesiveused. After curing, thetest couponsarereweighed and, by
differencefromtheorigina sampleweight, theweight lossand percent loss
are calcul ated.[%°)

7.6.2 Infrared Spectral Analysis

Infrared spectroscopy (IR) is an excellent method for determining
chemical changes that occur in organic material s through decomposition,
oxidation, polymerization, reactions with other compounds, or changesin
the formulation. Infrared spectroscopy isalso avaluabletool for detecting
and identifying organic compounds, polymer types, impurities in com-
pounds, and for quantitative analysis of mixtures of compounds. Infrared
spectra result from different modes of vibration and rotation within a
mol ecul e. Purerotational spectraoccur at thelongwavel engths(greater than
25um). At shorter wavel engths, theradiation has sufficient energy to cause
changes in vibrational levels of the molecule. Thus, the frequencies of
vibration are related to the masses and binding forces of the atoms that
become the basisfor infrared in determining the structure of acompound.
Theregionof mostinterest for theanalysi sof organic material sliesbetween
2 um and 15 pm where specific groups absorb at definite frequencies or
wavelengths.

The percent absorption or transmission of infrared radiation by a
material when scanned over wavelengths of approximately 2 umto 15 um
providesa“fingerprint” of thematerial thatisuseful indeterminingtheexact
nature of the compound. Absorptions at specific wavelengths in the near
infrared are indicative of various groups within amolecule such asamino,
carboxyl, keto, or hydroxyl groups, while absorption in the far infrared is
indicative of the nature of the molecul e asawhole. The spectrum obtained
may al so be compared with spectraof known compoundsasrecordedinthe
literature.!> The standard test method for IR analysisis ASTM E1252.1]
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7.6.3 Gas Chromatography

In gas chromatography, the components of amixture are separated by
volatilizing the sample and passing the gases through a column of solid
porousmaterial of 20to 200 meshor ontothinlayersof finely divided solids.
In one method, gas-liquid chromatography, the surface of the packing is
coated with anonvolatile liquid (the stationary phase). If the liquid is not
present, the process is called gas-solid chromatography. The principle of
chromatography is based on the different rates at which the chemical
components pass through the packing material, and their detection as
separate species asthey exit the column. The components may be detected
by thermal conductivity changes, density differences, or by ionization
detectors.

7.6.4 Mass Spectrometry and Residual-Gas Analysis
(RGA)

The main source of moisture and other outgassed compounds in
hermetically sealed ceramic or metal packagesisfrom adhesivesand other
polymer materials used in the assembly of the electronic devices. Even
though the assemblies are extensively vacuum baked prior to sealing and
eventhoughthey are sealedindry nitrogen, outgassing of moisture, greater
than the 5,000 ppm, alowed by MIL-PRF-38534, can occur after burn-in
or after temperature cycling.

Mass spectrometry is an excellent analytical method to quantitatively
measure moisture and trace amounts of low-molecular-weight organic
species. INRGA, theoutgassing from adhesivesand other organic material's
such as moisture, carbon dioxide, carbon monoxide, and low-molecul ar-
weight hydrocarbons can be measured in low parts per million.

By massspectrometry, molecul esarefirst activated and dissociated into
ionic fragments that are then separated according to their charge-to-mass
ratios. Mass spectrometers essentially consist of four parts. equipment to
ionize the sample, an ion accelerator, an ion separation system, and a
detection system. The sample may beionized by bombardment with elec-
tronsfrom aheated filament or by several other means. Theions produced
arethen accel erated and focused el ectrostatical ly and separated according to
their atomic masses whiletraveling through amagnetic field.

A variation of magneti c-separati on equipment, widely usedtoday, isthe
guadrupolemass spectrometer. Thisequipment consistsof four cylindrical
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rods arranged in an orthogonal array. Opposite rods are electrically con-
nected and opposite voltages applied. The positively charged pair actsasa
low-mass pass filter while the negatively charged pair acts as a high-mass
passfilter. By adjusting thevoltagesonthetwo pairsof rods, thequadrupole
is made into a narrow, bandpass-mass filter. The separated ions are then
detected electrically. Theion beams are scanned across a collector where
they pick up electronsand generate an el ectric current that isamplified and
analyzed by computer. Aswith infrared spectra, an extensive database of
massspectraof chemical compoundsisavailableand canbeusedto compare
with the mass spectrograph of an unknown to verify its nature.!>

The standard test method for RGA is Method 1018.4 of MIL-STD-
883F% according towhich massspectrometry i sused to detect moi stureand
other volatilized compounds present in sealed microcircuit packages. The
sealed modul esarefirst preconditioned toremoveexternal contaminantsand
adsorbed moistureby prebaking for 16—24 hoursat 100°C +5°Cthen placed
inavacuum holding chamber that i sattached to the spectrometer. Thedevice
and chamber are then pumped down and stabilized at 100°C +£5°C, after
which thelid of the device package is punctured and internal gasfrom the
package allowed to enter the mass spectrometer.

In qualifying adhesives for outgassing, an amount of adhesive and
surface arearepresentative of that to be used in actual devicesor modulesis
cured in gold-plated or nickel-plated |ead-less packages. After vacuum
baking, the samples are sealed in dry nitrogen, leak tested, heated for up to
1,000 hoursat 150°C and analyzed. M oisture must be no greater than 5,000
ppm, for both Class H and Class K parts. If a moisture getter is used, the
moisturerequirementislessthan 3,000 ppm, after the 1,000-hour exposure.

Becauseof theexpensiveequipment involved and theexpertiserequired
for accurate analyses, moisture and gas analysisis generally outsourced to
laboratoriesthat are certified.

7.6.5 Total-Mass Loss and Water Regained

Another variation on outgassing is total-mass loss of cured-adhesive
materials. Outgassing and subsequent condensati on of vol atilesisaconcern,
for example, in optical and space applications. A standard test method is
ASTM E595, Total Mass Loss and Collected Volatile Condensible Mate-
rials from Outgassing in a Vacuum Environment.!8% Three measurements
aremadein thistest: total massloss(TML), collected-volatile condensible
materials (CVCM), and water-vapor regained (WVR). Historically, maxi-
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mum values of 1% TML and 0.1% CVCM have been used to qualify
material sfor spacecraft applications. TML and CV CM aredetermined after
24 hours exposure at 5 x 10°° Torr and 125°C. Water vapor regained is
determined by rewei ghing after storageina23°C and 50% RH environment.
Samplesarenormally mixedin 10-gram batchesand cured specimensarecut
into cubes 1.5t0 3.0 mm/side. Adhesivefilmsmay be applied to surfacesto
simulateuseconditions.

7.6.6 lonic Content

Thetotal ionic content and the amounts of specific metal ions such as
sodiumand potassium greatly aff ect theel ectrical propertiesof aninsulative
adhesiveand of theel ectronicfunctionof acircuit. A simpletest todetermine
the total ionic content of a polymeric material is to digest a weighed,
powdered sample in deionized water and to measure the resistivity of the
water extractsafter refluxingfor 20 hours. Thistest givesaroughideaof the
extent of ionic contami nantsinthesample. For example, adropinresistivity
from 10 megohm-cmto 10,000 ohm-cmindicatesaconsi derableamount of
ionic species. Thetotal ionic contentisreported asppm of equivalent NaCl:

Eq. (7.17) Total ionic content =23.47(L,—L,)/W

where: L, = specific conductancein micromho/cm. of asample
L, = specific conductancein micromho/cm. of ablank
= sampleweightin grams
23.47 = theconstant A/L where A = gramsof NaCl in 50 cm?®
of a0.0005N NaCl solution
L, = specific conductance of the 0.0005N NaCl solution
Exact elemental analysiscanthenbeperformed by evaporatingthewater
and analyzing the residue by atomic absorption spectroscopy or flame
photometry. Theseareemission spectrographic methodswhereby theatoms
or molecules of the sample, on being excited by energy input from an arc,
spark, or flame, emit wavelengths of radiation asthey return to the normal
state. Thesewavel engthsindicatequalitatively and quantitatively theatomic
speciespresent inthesample. The spectraof theelementsconsist of linesof
distinctive color, for example, theyellow D linefor sodium. The spectraof
moleculesconsist of groupsof linescalled bands. Thenumber of linespresent
Inanemission spectrum dependson thenumber and position of theoutermost
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electrons and the degree of excitation of the atoms. Element analysis may
also be performed by ion chromatography.

Standard test methods and requirements for total ion content and
specificionssuch aschloride, sodium, fluoride, and potassium aregivenin
Method 5011.4, paragraph 3.8.7.3.12%

A simple qualitative test for chloride ions consists of immersing or
swabbing the part in deionized water and adding afew dropsof 0.1N silver
nitrate solution to the water extracts. A white turbidity or precipitate
indicatesthat an insolublesilver chloride hasformed and that chlorideions
may have been present. The test, however, is not entirely specific for
chloridessinceafew other anions, suchassulfate, alsoformwhiteinsoluble
precipitatesthat must then be di stinguished by other qualitative or quantita-
tivemethods.
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Appendix

CONVERSION FACTORS

Table A.1. Thermal Conductivity Units and Equivalents

Cal/ BTU/ w/ w/ w/
(sec-cm - °C) (hr -ft - °F) (m-K) (cm-°C) (in-°C)
1 241.9 418.6 4.186 10.63
413x 10° 1 1.73 0.0173 0.044
239 x 10° 0.578 1 0.01 0.0254
0.239 57.8 100 1 2.54
0.094 22.74 39.4 0.394 1




Table A.2. Dimension Units and Equivalents

Mil Inch Centimeter Millimeter Angstrom Micrometer Microinch
1 0.001 0.00254 0.0254 254,000 25.4 1,000
1000 1 2.54 25.4 2.54 x 10° 25,400 1x10°
394 0.39%4 1 10 1x10° 1x10* 3.94 x 10°
39.4 0.039%4 0.1 1 1x 10’ 1x10° 3.94 x 10°
3.94 x 10° 3.94 x 10° 1x10% 1x 107 1 1x10* 3.94x 103
0.0394 3.94 x 10° 1x10* 0.001 10,000 1 39.4
0.001 1x10° 2.54 x 10° 254 x 10° 254 0.025 1
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Table A.3. Pressure and Force Conversion Factors
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To Convert From: To: Multiply By:
Pascals (Pa) Pounds per ir? (ps) 1.45 x 10
Pounds Newtons 4.44
Dynes/crm? Pounds per ir? (ps) 1.45 x 10°
Newtons'mm? GigaPascals (GPa) 1x10°
MPa Newtons'mn? 1
Pascals (Pa) Dynescn? 10

Table A.4. Viscosity Conversion Factors
To Convert From: To: Multiply by:
Poise Centipoi ses 100
Centipoises Poise 0.01
Poise Ib/(sec - ft) 0.0672
Poise Ib/(hr - ft) 242
Poise Pa sec 0.1
Pa sec Centipoises 1,000
Poise = gm/(sec)(cm)
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ABBREVIATIONS, ACRONYMS, AND SYMBOLS

Table A.5. Abbreviations, Acronyms, and Symbols

ACA Anisotropic Conductive Adhesive

ACS American Chemical Society

AEW Amine Equivalent Weight

ANSI American National Standards | nstitute
ANTEC Annual Technical Conference (of SPE)
ASIC Application Specific Integrated Circuit
ASTM American Society for Testing and Materials
BCC Bumped Chip Carrier

BGA Ball-Grid Array

BT Bismaleimide Triazine

CAF Conductive Anodic Filament

Cof C Certificate of Compliance

CERDIP Ceramic Dual-In-Line Package

CFC Chlorofluorocarbon

CHMT Component, Hybrid, and Manufacturing Technology
CMOS Complementary Metal Oxide Semiconductor
CcoB Chip-on-Board

CCD Charged Coupled Device

COG Chip-on-Glass

COoL Chip-on-Lead

COos Chip-on-Substrate

COTS Commercial Off The Shelf

CPGA Ceramic Pin-Grid Array

CPMT Components, Packages, and Manufacturing Technology
cps Centipoise

CsP Chip Scd e Package

CTE Coefficient of Thermal Expansion

CVCM Collected Voldtile Condensible Materials

(cont'd.)
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Table A.5. (Cont'd.)
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DADS Diaminodiphenyl Sulfone

Del Deionized

DGEBA Diglycidylether of Bisphenol A
DGEBF Diglycidylether of Bisphenol F

Dicy Dicyandiamide

DIP Dual-In-Line Package

DoD Department of Defense

dph dots per hour

DRAM Dynamic Random Access Memory
DSC Differential Scanning Cal orimetry
DSCC Defense Supply Center, Columbus Ohio
DTA Differential Thermal Analysis

EDX Energy Dispersive X-Ray

EEPROM Electrically Erasable Programmable Read Only Memory
EEW Epoxy Equivalent Weght

EIA Electronic Industries Alliance

EMI Electromagnetic I nterference

EMTA Emerging Markets Trade A ssociation
EPA Environmental Protection Agency
ESD Electrostatic Discharge

FCIP Flip-Chip in Package

FCOB Flip-Chip on Board

FCOF Flip-Chip on Flex

FDA Food and Drug Administration

FEP Fluorinated Ethylene Propylene

FPD Flat-Panel Display

FTIR Fourier Transform Infrared

GPS Globa Positioning Satellite

(cont'd.)
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Table A.5. (Cont'd.)

HAST Highly Accderated Stress Test

HCFC Hydrochlorofluorocarbon

HDI H@_gh Density Interconnect, also Hexamethylene
Diisocyanate

HFC Hydrofluorocarbon

HFE Hydrofluoroether

HHPA Hexahydrophthalic Anhydride

HTC High Temperature Cofired Ceramic

IC Integrated Circuit

ICA I sotropic Conductive Adhesive

ID Ins de Diameter

IEC International Electrotechnical Commission

|EEE Ingtitute for Electrical and Electronics Engineers

IEMT International Electronics Manufacturing Technol ogy

IMAPS International Microelectronics and Packaging Society

/0 I nput/Output

IPA Isopropyl Alcohol

IPC I nstitgte for Interconnecti ng and _Packag_i ng _EI ectronic
Circuits (formerly Institute of Printed Circuitry)

IR Infrared (also I nsulation Resistance)

|SHM International Society for Hybrid Microelectronics (now
IMAPS)

SO International Standards Organi zation

ITO Indium Tin Oxide

JEDEC Joint Electronic Device Engi neering Council (now Solid
State Technology A ssociation)

K Kelvin

KB Kauri-Butanol

LC Liquid Crystal

LCD Liquid-Crystal Display

LED Light Emitting Diode

LMI Low Mobile lons

(cont'd.)
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Table A.5. (Cont'd.)

LOC Lead on Chip

LS Large-Scale Integration

LTCC Low Temperature Cofired Ceramic

MCM Multichip Module

MCOT Modified Cyclo-olefin Thermoset

MELF Metal Electrode Leadframe

MEMS Micro Electromechanical System
MEPTEC Microelectronics Packaging and Test Engineering Council
MOE Modulus of Elagticity

MPa Meggpascal

MPC Microphase Cleaning

MSDS Material Safety Data Sheet

MSFC Marshall Space Flight Center

MSL Mooisture Sensitivity Level

MVTR Moisture Vapor Trangmission Rate

N Newton

NC No Clean

NCMS National Center of Manufacturing Science
NFFUF No-Flow Fluxing Underfill

NFU No-Flow Underfill

NMP N-Methyl Pyrrolidone

OA Organic Acid

oD Outside Diameter

ODA 4,4 Oxydianiline

oDSs Ozone-depleting Solvent

OE Optoel ectronics

OSHA Occupational Safety and Health Adminigration
ospP Organic Solderability Preservative

Pa Pascal

PA Phthaic Anhydride

(cont'd.)
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Table A.5. (Cont'd.)

pbw parts by weight

PCB Printed-Circuit Board

PCMCIA Zersiirzl iOcr?mputer Memory Card International
PDA Personal Data Ass stant

PDIP Plagic Dud-In-Line Package
PEEK Polyaryletherether ketone

PEM Plagtic-Encapsulated Microcircuit
PFI Polymer Film Interconnect
PGA Pin-Grid Array

phr parts per hundred of resin

PIND Particle Impact Noise Detection
PLCC Plagtic Leadless Chip Carrier
PMDA Pyromellitic Dianhydride

ppm parts per million

ppm, parts per million by volume
PTFE Polytetrafluoro ethylene
PTMEG Pol ytetramethylene ether glycol
PWA Printed-Wiring Assembly

PWB Printed-Wiring Board

QFP Quad Flat Pack

RGA Residual Gas Analysis

RH Relative Humidity

RIE Reactive lon Etch

R Rosin

RA Rosin Activated

RMA Rosin Mildly Activated

ROSE Resigivity of Solvent Extracts
rpm revolutions per minute

RT Room Temperature

RTV Room Temperature Vulcanizing

(cont'd.)
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SAM Scanning A coustic Microscopy
SAMPE Society of Aerospace Materials and Processes Engineers
SCF Super Critical Fluid

SDRAM Synchronous Dynamic Random Access Memory
SEM Scanning Electron Microscopy
SIP System-in-Package

SIR Surface Insulation Resistance
SMA Surface-M ount Adhesive

SMT Surface-M ount Technol ogy
SOIC Small Outline Integrated Circuit
SOT Small Outline Transistor

SOP Small Outline Package

SPE Society of Plastics Engineers
SRAM Static Random A ccess M emory
TAB Tape Automated Bonding

TCR Temperature Coefficient of Resistance
TDI Toluene Diisocyanate

TGA Thermogravimetric Analysis

TI Thixotropic Index

TO Transistor Outline

TMA Thermomechanical Andysis
TML Total Mass Loss

TSOP Thin Small Outline Package
uv Ultraviol et

VCM Volatile Condensable Material
VFM Variable Frequency Microwave
VLS Very Large Scale Integration
VOC Volatile Organic Compound

Wi Wetting Index

WwLU Wafer-Level Underfill

WS Water Soluble

WVR Water Vapor Regained
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Index Terms

A
Abbé refractometer
Ablation mechanism
Accelerator
Acceptance criterion
Acceptance tests
Acetylenic end-groups
Acoustic
impedance
microscopy
reflection
Acrylates
mechanical and electrical properties
Acrylics
free-radical polymerization of
Active alignment
Addition polymerization
Addition reaction
Additive process
Additives
Adhesion
failure
poor
promoter
Adhesion between surfaces
assuring
Adhesive strength
degrading
increasing
Adhesive-sealed packages
risk in using
Adhesives
100% solids
ability to absorb stress
aluminum-oxide-filled
anisotropic
automated selective
dispensing
automatic dispensing
bond reliability
capillary-flow
classifications

406
201
106
402
377
115

358
358
358

157
329
123
334
110
116
213
125

350
352
56

171

181
208

343

46
423
362

221
49
39

283

123 157

403

61 249 299 332

399
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cohesive and adhesive
strengths

corrosion caused by

curing

degrading

density of

die-attach

die-attach or chip-attach

dispensing methods

elastomeric

electrical properties

electrically conductive

electrically insulative
electronic-grade
epoxy

epoxy preforms

filler

first generation epoxy
flexible

flip-chip underfill
flow properties
formulations

frozen

functions
high-modulus

high-reliability applications

insulative
isotropic

low CTE, stress-absorbing

low-modulus
low-stress

manual application of
market

mechanical strength
moisture-curing
no-bleed
non-conductive
outgassing from
paste

pastes or preforms
performance
physical form
polymer paste
prime function

qualification and acceptance

test
qualification tests for

40
411
264
311
402
409

209

59
29
409

29
352
342

50
369

76

90
134

N

353
247
10
60
313
354

224
34
350
251
46

426
363

267

284
40

419
376

208

210

60 303 332 363

39
356

356

29

This page has been reformatted by Knovel to provide easier navigation.




Ind

ex Terms

qualifying for outgassing
reliability

resin portion

role in conducting heat
screen printing of
selection of electrically conductive
or insulative

silver-filled

silver-glass

shap-cured

solder replacement
solvent or chemical resistance
space environments
stencil dispensing of
strength of

stress absorbing and
dissipating

substituting for solder
surface-mount (SMAS)
test methods

thermal conductivity
thermal limits of

thermal stability
thermal-transfer
thermally conductive
thermoplastic

total mass loss of
underfill

UV-curing
visual-inspection criteria

Adhesives technology

specifications

Aging

premature

Alkoxy- or acetoxy-cured

systems

Alkoxy-blocked silicones
Alumina substrates
Amide-amine curing agent
Amine-equivalent weight (AEW)
Amines

unreacted excess

Ammonia
Anaerobic adhesives
Anhydride

curing agents

Anisotropic adhesives

445

fillers for

427
268
368

64
209

59
345
362

365
411
376
213
419

74
304
210
395

71
413
418
362

427

10
332
403

33
350
226

110
113
256
105
108
104
368
368

30

102

126

376

370

252
366

379 401

417

332

334

106
61 249 299 331
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Anisotropic films 341
Aqueous and semi-agueous

cleaners 173 181

solvents 172
Area-array devices and packages 14
Argon gas 201
Aromatic-polymer structures 149
Aromatic-triazine ring structures 121
Aspect ratio 217
Assembly

use of adhesives in 335
Atomic oxygen 313
Atomic-absorption

spectroscopy 428
Auger pump 230
Autoclave sterilization 316
Automated dispensing 209

equipment, suppliers of 230

increased temperatures during 226
Automobile

adhesives for engine

conditions 313

electronics 313
Azeotrope solvents 172 173 183
B
B-staged or B-staging 45
Backside contact

loss of 365
Backside ohmic contact 364
Ball milling 126
Ball-grid arrays (BGA) 11 15
Bending stress 353 423
BGA packages

stress-dissipating adhesives 75
Bismaleimides 115
Bisphenol-A 369
Bleedout 45
Bond

dissimilar materials 6
Bond strengths 421

improving low temperature 136
Bond-joint resistance 410
Bond-shear strength 378
Bonding components 223
Bonding pads 224

aluminum 366
Bondlines 352 358

thickness 363 423
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Bonds
chemical
direct chemical
forming strong
glass die
hydrogen
mechanical interlocking
metallurgical
reliable
vitreous
Boron nitride
Boron trihalide complexes
Brookfield viscometer
C
Cab-O-Sil®
Capillary action
Capillary flow
efficiency of
underfill adhesives
underfills
Catalysts

definition
Lewis bases and Lewis
acids
Cavity packages
attaching lids
Cell phone handsets
Centrifugal cleaning systems
Centrifuge testing
Certificate of Compliance (C of C)
Charge-coupled device (CCD)
attachment
Chemical
alteration of surfaces
etching of stencils
mechanisms
Chemical reactions
cleaning
corrosion
Chip stack
Chip-attach adhesives
Chip-on-board (COB)
Chip-on-flex (COF)
Chip-on-glass (COG)
Chip-on-lead (COL)
Chip-on-substrate (COS)
Chip-scale packages (CSP)

56
55
41
58
56
57
55
208
58
362
368
52

134
237
329
52
399
49
100
368
96

100

317
198
421
377

333

208
213
365

201
366
19

26

331

25
17

399

283
106 110 121 138
369

106 107 108

317

25

316
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stress-dissipating adhesives 75
Chloride ions 145 365
Chlorofluorocarbon solvents
(Freon®) 172
Chromatography

principle of 426
Circuit

failures 370

forming 58
Classes H and K 404 422 427
Cleaning 371

ablation mechanism 201

aqueous 181

assuring uniform 202

by chemical reaction 201

commercial solutions 183

dry 200

inadequate 208 351

low-standoff parts 198

methods 189

microphase 181

processes 171 181 403

processing steps 411

thermal-phase 181
Co-solvents 173
Coating

particle-immobilizing 375
Coefficient of thermal

conductivity 415
Coefficients of expansion 354
Coefficients of thermal expansion (CTE) 133 156 268
Collected volatile condensable

materials (CVCM) 427

test 311

Colorimetric tests 206

Commercial aircraft
radio and communication

systems 343
Commercial-off-the-Shelf (COTS) 169
Compensating films 330
Components

increasing densities 19

orientation prior to soldering 265

surface-mounting 368
Condensation polymerization 110
Conductance 59
Conduction

enhancing 129
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heat transfer by
Conductive particles

loose
Conductive-paste adhesives
Conductivity loss

risk of
Constant acceleration
Consumer electronic assemblies
Contact

loss of
Contact angles

equilibrium
Contact coefficient
Contact resistances
Contaminants

identifying

inorganic oxide surface

oxide

polar or non-polar
Copper filler
Corona discharge
Corrosion

galvanic
minimizing
testing
Corrosivity test
Costs
reducing
Coulomb’s equation
Coupling
agents
efficiency
losses
Criteria
acceptance
qualification
CTE

See also Coefficients of thermal

expansion
mismatches
Cure schedules
Cure time
Cures
cycles
degree of
outgas during
pressure applied during
room-temperature

64

374
333

364
421
20

364
44
41
44

365

351

171

202

200

171

126

208

181

411

365

366

410

379

335
408

56
340
335

366
375
136

356
40
148

252

42
249
249
368

422

171

366
369

365

402

148

87
250

252

206 403

409

370 371

366 368 371
352

252 370 377
419
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weight losses during
Curing
See also Curing agents
heat
incomplete
process
step
temperatures
variable-frequency microwave (VFM)
Curing adhesives
methods for
Curing
agents
achieving optimum properties
anhydride
definition
Current-carrying capacity
Curve
time-temperature
Cyanate esters
adhesives
Cyanoacrylate
adhesives
Cyclotene
Cyclotrimerization
D
Database reliability
Decomposition product
Defense Supply Center at Columbus
(DSCC)
Delamination
preventing
Dendritic growth
Density 1
test methods
Devices
gallium arsenide
reliability in the body
silicon
DGEBA resins
bisphenol-A and F
synthesis
Diamond
Dicy
Die and substrate strength
Die attachment and encapsulation
manufacturing problems
Die size and pattern

249
244

44
251
4
90
268
250

247

100
108
366

96
409

377
31
121

30
19
121

376
105

34
350
355
370

83
402

362
314
362

96
96
362
102
421

157
225

350

105

154

124

371
352

402

100

105

363 395

138 247 368
335

356 359 422
426

368
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Die- and substrate-attach

adhesives 159 274
Die-attach adhesives 8
Die-shear strength 350 421
Dielectric loss angle 409
Differential-scanning calorimetry (DSC) 252
Diglycidylethers of bisphenol-A and F 96
Diluents 137
Dispensing conditions

adhesives under high-speed 226
Dispensing patterns 224 237 299
Dissipation factor (DF) 409
Dissipation of heat 345
Dots 240

and lines (slots) 213

heights and sizes 240

missing 240

pattern shapes 401
Down-stream plasma 202
DRAMs 19
Dry-heat sterilization 316
Dual in-line package (DIP) 13
E
Elastic modulus 355 420

See also Modulus of elasticity
Elastomeric adhesives 8
Electrical

malfunctioning 360

properties 149 156

resistance 59 364

risk of shorting 8

shorting 349

stability 365
Electrical and thermal conduction

requirements for 126
Electrical conductivity 409

improvements in 61
Electrical conductors

epoxies and other polymer resins 59
Electrically conductive adhesives 6 29 264 303 332

340 409

See also adhesives

viscosity 399
Electrically insulative

adhesives 7 264
Electromagnetic interference (EMI) 332
Electronic circuits

cleaning 183
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Electronic devices
reworking
Electronic devices and assemblies
cooling
Electronic failures
causes of
Electronics industry
UV-cured adhesives benefits
to
Electronics packaging
properties desirable for
Elements
spectra of
Elongation-at-break
EMI
film
shielding
test methods and
requirements
Emulsion cleaners
Endotherm
Environmental concerns
Environmental stress testing
Environmentally friendly materials and
processes
Environments
extreme temperature
EPA and OSHA requirements
Epoxidized olefin compounds
Epoxies

diamond-filled
electrical conduction
reliability of silver-filled
silver-filled

surface tension of
Epoxies and other polymer resins

electrical conductors
Epoxy adhesives

adhesion

chemistry

curing

electrical properties

optimum ratios of two-part

preforms

tensile shear strength

two-part

252

64

309

158

145

428
419

330
243

333
173
414

350

304

148
172
96

335
71
61

365
60

363
44

59
30
145
96
100
146
100
342
134
45

332

34
342

61
366

57

316 329 330

73 303 362
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Epoxy diluents
Epoxy formulations
manufacturing procedure
silver fillers used
Epoxy resins
cured with anhydrides
curing agents
Epoxy-equivalent weights (EEW)
Epoxy/anhydride reactions
Equilibrium contact angle
Equipment
Equivalent weights
Ethylene oxide (EtO) sterilization
Eutectic alloying
Exotherm
Expansion coefficient
F
Failure criteria
Failure mechanisms
Failure modes

Failures
avoiding
chemical mechanisms
semiconductor device
Fiber strain relief
Fiber tacking
Filler loading
effective
Fillers
benefits of
electrically conductive
electrically non-conductive
flexural strength

lubricants and solvents added to

metal
minimum critical volume
properties
redistribution
silver
Fillet
volume of
Film or preform adhesives
manufacturing
Fine leak test
Flame photometry
Flame treatments
Flammability hazards

137

138
129

27
284
100
100
106

41
245
117
316

55
414
420

404
364
349
375

377
365
370
333
333

364
125
125
60
71
87
129
71
61
126
364
365
352
54
29
142
343
428
208
189

405 421
368
351 359 360 369

135
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Flat-panel displays (FPD)
Flex circuits
Flex interposer-based CSPs
Flexibilizers
Flexible circuits
Flexural modulus
Flip-chip bonding
Flip-chip devices
silicon
stress-dissipating adhesives
underfilling
Flow properties
of a liquid
Fluids
non-Newtonian
Fluorinated ethylene propylene (FEP)
Fluorocarbons
presence of
Fluxes
removing
removing residues
residues
water-soluble fluxes and “no clean
Force of attraction
Formulations
solvent-based or 100% solids
Forty (40%) rule
Fractures
Free-radical-producing compounds
Frequency-sweeping process
Frozen adhesives
manufacturing
Fungus-resistance tests
G
Gallium arsenide devices
Galvanic corrosion
Gamma radiation
Gas chromatography
Gel time
Gelation point
Getter
adhesives as
Glass transition
determining
Glass-fabric carrier
Glass-transition temperatures (TQ)
Glob tops
Goniometers

329
74
18

136
25

419
12
15

340
75

274

399

399

374

183
55
33

172

408

125

213
360
123
250

142
412

362
365
316
426
44
45

11

84
159
83
25
403

331 332

379

47 134 239

45 415

121 149 268 420
331
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Government regulations 4 31
Green strength 264 265
Gross-leak test 343
Guarded-hot-plate method 415 416
H
H-bonding 56
Haake rotoviscometer 400
Hard tooling 220
Hardeners 138 247
definition 96
Hardness 419
tests 378
HAST testing 157
Haze 406
Heat
conduction of 40
curing 4 44 247
dissipation 40
flow of 65
removal 343
transfer 64
Heat-flow meter method 415 417
Heritage data 349 376
Hermetic sealing 314
High-density interconnect (HDI)
overlay process 24
Hot-melt adhesives 3 105 332
Hybrid microcircuits 21 22
Hybrid or multichip modules
assemblying 9
Hydrolytic stability 413

|
IC devices and interconnect circuits

third generation 30
IC die-attachment materials 423
Imidization 114
Immersion cleaning 198
In-line quality assurance 206
Incomplete cure 251
Index of refraction 330 406
Indium tin oxide (ITO) 331
Infrared radiation 425
Infrared spectroscopy (IR) 425
Infrared spectrum 379
Inorganic oxide surface

contaminants 202
Inspection criteria 352 405
Inspection methods 395

455 This page has been reformatted by Knovel to provide easier navigation.




Index Terms Links

Insulation resistance 407
Insulative adhesives 10
Interconnect resistance 409
Interconnects

pitch of 316
Interface

die-epoxy 365
lon chromatography 429
lonic contaminants 369
lonic content 145 428
lonization detectors 426
lonizing dose testing 311
IPC B-25 or IPC B-24 test

patterns 207
ISO-10993 test 315
Isotropic adhesives 6
J
Jet dispensing (jetting) 241
Junction resistance 409
Junction-to-case temperature 362
Junction-to-case thermal

resistance 363
K
Kauri-Butanol (KB) test 183
L
Laminated polarizer 330
Lap-shear strength 350
Laser assembly 333
Laser interferometry 424
Laser-flash method 417
Latent-catalyst complexes 107
LCD resolution 332
Lead in solder pastes 31
Lead-on-chip (LOC) 8
Leadframes 18 19
Leakage currents 349
Lens bonding 333
Lewis bases and
Lewis acids 100 106 107
Lid sealing 342
Life expectancy

reduction in 360
Light scattering 406
Light-emitting diode (LED)

attachment 333
Linear piston pump 237
Linear shrinkage 134
Liquid-crystal displays (LCD) 329
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LOC chip-scale packages 19
Low-stress adhesives 8
Low-temperature cofired ceramic

(LTCC) substrates 24 356
LSI (large scale integration) 13
LSI chip-carrying polyimide film 332
Luminous transmittance 406
M
Manual placement 244
Market

adhesives 34
Mass spectrometry 426 427
Mass-transfer dispensing 209
MCM-C 24
MCM-D 23
MCM-L 24
Mechanical

failures 364

interlocking 57

shock 422

strength 358 404

tests 419
Mechanical attachment 6 12 55 217
Medical devices

electronic 314

toxicity and biocompatibility 315
Memory chips

vertically stacking 322
Memory modules

high density 317
Memory stack

3-D 327
Metal conductors

non-noble 370
Metal migration 349 369 410
Metal oxides

removal of 202
Metallurgical die attachment 31
Metals

non-noble 365 366
Method 5011 34
Microcircuits

cleaning and sealing 11

plastic encapsulated 31
Microphase cleaning (MPC) 181
MIL-STD-883 34
Military electronics 309 376

and space 169

457 This page has been reformatted by Knovel to provide easier navigation.




Index Terms Links

Miniaturization 314
MIS 28962 34
Mobile phones 328
Modified cyclo-olefin thermoset resins
(MCOT) 31 121
Modulus of elasticity 88 136 268 355
Moisture 359 370
absorption 358 412
getter 427
limit for 371
measuring 371
release 370
requirement 343
retention 181
source of 426
Moisture analysis
mechanical and environmental tests 343
Moisture vapor transmission rates (MVTR) 149
Moisture-cured
adhesives 5 251
polyurethanes 120
silicones 113
Molecular structures
non-polar 121
Molecular weight 123
Molecules
spectra of 428
Moly tabs 345
Multichip
packaging 21
stacking 322
Multichip modules (MCM) 23
Multilayer circuits 22
N
NASA 376
NASA MSFC-SPEC-592 33
NASA requirements 33
safety and reliability 311
National Center of Manufacturing
Science (NCMS) 366
Needle
maps 228
selection 226
Newtonian behavior 48
NFUs
advantage 284
shelf lives 284
Nichrome resistors 369
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No-flow fluxing underfills (NFFUF)
No-flow underfills (NFU)
No-lead solders
Non-Newtonian fluids
Non-polar surfaces

altering
Nonconductive adhesives
NSA 77-25
(0]
Ohmic contacts

adhesives

backside
On-delay times
Optical birefringent properties
Optical fibers

alignment and attachment of
Optimum conductance
Optoelectronic (OE) applications
Organic materials

chemical changes
Organic solderability preservative
(OSP) copper
Organic solvents

advantages

or mixtures
Organosilane adhesion promoters
Outgassed products

generation of
Outgassing

protecting the body from
tests
Overcuring
Oxidation treatments
Oxide contaminants
Ozone-depleting
potential
properties
solvents
P
Package stacking
Packaging
adhesive requirements
approaches
technologies
Particle getters

Particle-Impact Noise Detection (PIND)

test

284
284

11
399

208

34

217
364
225
330

334
345
333

425

304
173
173
172

56
105
371

30
370
314
311

87
209
200

172
172
303

317
309
13
12
11

375

29

58

418
247
426

251

173

375

378

316 363 368
427
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Particles
detachment of 3
Parylene
Passive alignment
Paste adhesives
and film adhesives
and preform insulative
formulations
thermally conductive
types
Paste release
Percolation
point
threshold
Photosensitive adhesive
formulations
Physical property tests
Pin and daub transfer process
Pin arrays
Pin-grid array (PGA)
PIND test
Placement of components
equipment
high-speed
Plasma
cleaning
equipment
Plastic stencils

Plastic-encapsulated leadless chip

carrier (PLCC)

Plastic-encapsulated microcircuits

(PEMSs)
Plastic-laminate circuit boards
Plasticizer
Platinum silicones
Polar structures
Polarity of epoxy polymers
Polyamide resins
Polyetheretherketone (PEEK)
Polyetherimide adhesive
Polyimides

(Kapton®) tape

weaknesses
Polymer

adhesives

binder

degradation

film interconnect (PFI)

74
208
334
137
328
342
363
345

2
214

61
71

250
395
219
219

15
375

245
244
208
200
202
213

222

31
274
136
110
156
146
105

3

24

24

13
152

284
124
311
303

375

323 341

378

201

27 34 113 149
26

329 331
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matrices
properties
radiation resistance
resins
solders
types
Polymer adhesives
initial problems
thermoplastic
thermosetting
Polymer bumps
contact resistance of
Polymerization
degree of
reactions
Polysiloxaneimides
Polyurethanes
moisture-cured
molecular weight and
properties
properties of
resins
Popcorn
effect
reliability problem
Pot life

increasing
Power circuits / power devices
Pre-applied underfill
Precursors
Preforms
Pressure spraying under
immersion
Pressure-sensitive tapes
Pressures
adjusting cleaning
Primers
Printed-circuit
assemblies
boards
boards assembly process
cleaning boards
Printed-wiring boards
cleaning
Process specifications
Product
reliability

341
144
311

60
303

27
27

304

40
107
116

30
120

117
154

27
359

31
123

44
378
135
343
303
113
243

198
333

192
208

223

20
264
173
379
192
377

95

33

252

116
251

412
116 157

51 105 230 239
395

299 363
241 356
412
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Production
high-volume
long runs
runs

Properties

enhancing or modifying basic

lubricant
stress dissipating
Purity
improving
Pyrograms
Q
Quad-flat packages (TQFP)

Quadrupole mass spectrometer

Qualification test
automobile engines
Quality control
Quality-assurance (QA)
provisions
R
Radiation
exposure to
infrared
mitigating exposures
total flux
Radiography
Radius of curvature
Raining
Refraction index
Reliability
database
long-term
long-term after aging
military electronics
requirements
Requirements
meeting
thermal conductivity
Residual stress
Residual-gas analysis (RGA)
Residues
removing
Resins
curing
flexible, elastomeric-type
percent conversion
purifying
rheology

283
212
220

125
129
148
149
145
418

355
426
376
313
224

377

414
411
425
313
311
378
423
249
330
362
376

63
407
309
350

335
362
353
369

172

74
252
369

46

424

406
370 375 378 412

371

189
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Resistance 409 410 411
extent of change 366
Resistivity of solvent extracts test
(ROSE) 206
Reworking 252 253 256
components or chip devices 253
electronic devices 252
techniques 254
thermoplastic adhesives 255
RF/EMI shielding 159
RGA 426 427
Rheometer
controlled-stress 52
Rigid substrate-based CSPs 18
Rome Air Development Center 34
Room temperature vulcanizing (RTV) 30 110
ROSE test 206
Rotational spectra 425
S
Safety and reliability 311
Satellite dots 240
Scanning acoustic microscopy (SAM) 341 422
Screen
patterns 210
printing 209 210
Sealing 370 375
with adhesives 342
improper 374
Sebastian Pull Tester 254
Selenium
presence on leadframes 47
Self filleting 237
Shear strengths 243
Shear stress 52
vs shear rate 400
Shear thinning 226 399
Shelf life 395
See also Pot life
Shielding
effectiveness 333
tapes 333
Shore Durometers 419
Shrinkage 364
reducing during cure 134
Silanes
coupling agents 56
primers 208
Silica filler 135
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Silicon

density

die cracking
Silicones

addition-cured
adhesives
condensation-cured
limitations of
moisture-cured
stress dissipating properties
Siloxane
Silver and silver alloys
Silver flakes
manufacturing
Silver migration
Silver-filled adhesives
Silver-glass
adhesive
paste adhesives
pastes
Single-chip packaging
Single-component
Sintering
SIP packaging
Small devices
pitch
very fine-pitch
Small-outline ICs (SOICs)
Smart cards
SMAs
electrical properties
SMT adhesives
measuring viscosities
Snap cure
formulations
Snap-cured
adhesives
Snap-off or gap
Solder
adhesives as
attachment
ball deterioration
bridging and smearing
fatigue
masks
no-lead
reflow

317
360

27
329
110

30
110
149
113
148
110

60

126
126
114

124
58

12

124
328

212
242
214
340

274
268
400

154

217

11
55
313
331
283
413
31

34
330

251

370
345

33

252

109 148 313
342

410

116 210 264
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replacement adhesives
Solder connections
increasing life-cycle
performance
Solubility of a resin
enhancing
Solvent
agitating bath
and cleaning process
cleaning abilities
exposure to
or chemical resistance

Space
applications
environments
Specific gravity
calculated
test methods
Specifications
adherence to
adhesives technology
materials
military and industry
NASA and MIL
Spectrophotometers
Spray-wash systems
Squeegee blades
SRAM
Stacked 3-D packaging
configurations
Stamp transfer
Static viscosity
Stencils
fabrication
from plastics
printing
thickness
Step curing
Step-growth polymerization
Sterilization conditions
Storage densities
Strain energy
Strength
bond
Stress

absorption capabilities

304

303

137

198
171
183
410
411
189

156
376

402
402

375

33
377
362
376
406
192
219

20

317
221
48
212
213
213
209
214
90
96
315
327
44

421
352
423
423

365 409

311

217

114
117

355

304

152 252

356 365 419
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accelerated 350

dissipating properties 148

due to temperature changes 75

low-bending 356

maximum 354

peak 401

predicting and assessing 75

relief of 251

residual 84 353 360
Stress-to-strain

ratio of 420
Stringing 239
Substrates

attachments 9

low-temperature, cofired-ceramic (LTCC) 356
Subtractive process 213
Surface

energy 403

insulation resistance (SIR) 207

measuring tension 403

roughness 208

tension 44 183 241
Surface-mount

applications 217

assembly 411

components 210
Surface-mount adhesives
(SMA) 225 264 401

characteristics 267

curing 247
Surface-mount technology (SMT) 9 264
reliability 20
System-in-package (SIP) 328
T
Tacking

rapid 335
Tailing 240
Tape automated bonding (TAB) 13
Teflon etchants 209
Temperature

junction-to-case 362

peak exotherm 414
Temperature stabilities 133 251
Tensile

elastic modulus 355

See also

Modulus of elasticity
hygrothermal stress 359
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strength 421

Terrestrial environments 309

Test methods 395

Tests
acceptance 377
bond-shear strength 378
centrifuge 421
Class H and Class K 378 422
commercial aircraft 343
corrosivity 379
die and substrate strength 421
die-shear 421
dissipation factor 409
electrical stability 409
environmental 342 350 375
functional 341
fungus-resistance 412
hardness 378
hydrolytic stability 413
in-line quality assurance 206
infrared spectrum 379
ionic 311 428
luminous transmittance 406
mechanical 343 375 419
medical qualification 314
nondestructive method 422
organic residues 207
outgassing 311
Particle Impact Noise Detection (PIND) 375
physical property 395
quality assurance 375
resistance to the sterilization
process 316
ROSE 206
screen 378
specifications 375
surface-roughness 423
tensile strength 421
thermal 413
thermomechanical 419 420
uncured state 395
X, Y pattern 422

Tg 136
change in CTE at 83

Tg and CTE values
effect of cure conditions on 87

TGA curves 418

Thermal
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adhesives
cycling
diffusivity
dissipation
insulators
performance
phase cleaning
properties
and radiation resistance
stabilities
testing

Thermal conductivity

adhesives

ceramics

definition

highest

metals and alloys

predicting

requirements

unfilled epoxies
Thermal expansion

coefficients

See also Coefficients of thermal
expansion
Thermal impedance

definition

reducing
Thermal resistance

calculating total

junction-to-case
Thermally conductive adhesives
Thermode
Thermogravimetric analysis (TGA)

test
Thermogravimetric analyzers
Thermomechanical

analysis (TMA)

tests
Thermomechanical properties and

stresses

effects of curing on
Thermoplastic

adhesives

films

properties

rework
Thermoplastic/thermosetting
Thermosetting adhesives

330
371
417
63
71
358
181
154
149
109
413
71
415
68
67
362
65
66
71
362
146

146

344
362
363

344
65

254

146
418

83
419

90
105

30
136
254
243

2

217

146 148 418

243 268 360 363
416 426
71

356

363

420

3 332
342

3 335
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Thick-film hybrid microcircuits 22
Thickness
bondline 363 421
control 363
non-uniform 352
Thin, small-outline packages (TSOP) 327
Thin-film hybrid microcircuits 22
Thin-film metallization
corrosion of 181
Thixotropic
adhesive 226
index 48 399
properties 134 242
Time-pressure pump 230
Time-temperature transformation (TTT) 86
Total mass loss (TML) 311 427
Toxicity 189 315
Two-part systems 2 154
U
U-dispense pattern
modified 239
U.S. Pharmacopoeia USP Class VI
test 315
Ultra-fine pitch applications 213 304
Ultrasonic cleaning 198
Ultrasonic inspection 423
Ultraviolet-light-curing
adhesives 5 334
Ultraviolet-visible
spectrophotometers 406
Ultraviolet/visible light curing 157
Uncatalyzed systems 106
Underfill adhesives 10 274
commercially available 284
new issues 303
viscosity 400
Underfills 237 353 379
alternates 299
requirements for adhesives 379
surface-wetting ability 51
time required to 52
volume of 53
uv
curing 5 250
irradiation 208
source of radiation 250
UV-curing
adhesives 123 330 332 334
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See also Adhesives
Vv
Vacuum baking
Vapor degreasing

Variable-frequency microwave (VFM)

curing
Vertical stacking process
Vibration
Viscosity

alteration of
effect on surface area of the
filler
electrically conductive
adhesives
lowering
reducing
static
Viscous flow
Visual inspection
Vitreous materials
Vitrification
VLSI (very large scale integration)
Voids
Volatiles
compounds
condensation and redeposition
of
condensation of
emissions
organic compounds
(VOC)
redeposited materials
Volume resistivities
lubricant effect on
silver-filled epoxies
w
Wafer stacking
Wafer-level CSPs
Wafer-level underfill (WLU)
Warp test
Water
absorption
retentions
Water-vapor regained (WVR)
Wave soldering
Weight loss
cured adhesive

46
189

323
350

47
230
134

135

399
51
137
48
48
403
33
86
13
358
425
371

249
427
137

351

59
129
147

322

19
299

85
173
413
123
427
210

418

250

375
183
239

405

363

172

274

264

425 226
217 220 222
240 378 399

422

189

363 407
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during cure 425
Wet-type cleaning processes 189
Wettability 41 351 403

achieving good 46
Wetting

index (WI) 189

versus non-wetting 43
Wire bonding 12 410
Wireless-electronic devices 332
X
X, Y pattern 422
X-Y-Z positioning system 221
Y
Yield values 268 400

(vield point) 217
Young’s modulus 420

See also Modulus of elasticity
z
Z-direction adhesives 6

See also Anisotropic adhesives
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