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SUMMARY

To reduce electronics packaging lead time and piathn to reduce
manufacturing cost, an innovative packaging protaggeting rapid package prototyping
(RPP) has been developed. The developed RPP prodash is based on a data-driven
chip-first approach, provides electrical functiatyabs well as form factors for micro-
systems packages. Such a technology will enablgraes to rapidly and inexpensively
make tangible prototypes of their electronics pgoka designs in order to promptly
assess new packaging materials and the perfornodmesv devices.

The key component of the RPP process is the nar@lpasilver (NPS)
interconnect. However, NPS has not yet been adelguptoven for use in electronics
packaging applications. Moreover, its adhesiondoteonics packaging materials such as
polyimide, benzocyclobutene (BCB), copper, and awm is found to be weak. Thus,
improving the adhesion strength of NPS will be & kesue for reliable package
prototypes with NPS interconnects.

In this research, the adhesion of NPS to substraterials is found to be
attributed to particle adhesion and more speclficabn der Waals forces. An adhesion
model based on the van der Waals force is suggéstetier to predict NPS adhesion
strength to packaging materials. A new adhesiannbeshod that is based on a die shear
test and a button shear test is developed to valiti® NPS adhesion prediction model.
The newly developed adhesion test method is gememature and can be extended to
other thin films’ adhesion tests. The NPS adhesiodel provides a general and explicit
relation between NPS tensile bond strength and sioinefactors such as substrate
hardness, adhesion distance, van der Waals constaditparticle diameter. The NPS

adhesion model is verified as a first order adhesnmodel using experimental data from

X Vil



seventeen packaging materials. Substrate hardeesentified as a primary factor in
NPS adhesion. Adhesion distance and van der Waistant are also significant in
organic and inorganic materials. Diffusion or otirgerfacial reaction between NPS and
metal substrates such as copper and silver seemasio Finally, guidelines to improve
the adhesion strength of NPS are suggested bastn@ @ahesion model and on external

adhesion factors such as Silane coupling agentplasdha treatment.
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CHAPTER 1

INTRODUCTION

1.1 Problem Statement

Nano-particle silver (NPS) conductors are increglyi being investigated for
package level electronics applications. Unlike itradal thick film materials and
conductive inks, nano-particle conductors often mat incorporate compounds to
promote interfacial adhesion such as binders useHick films and polymer adhesives
used in conductive inks, as these adhesion prosotan degrade the electrical
performance.

The conventional thick film silver pasties are 8ed to ceramic substrates due to
inorganic binders such as glass frit or crystalbmede powder. To improve wetting on a
substrate and dispersion of a powder, surfactamtbeaadded to the paste. The silver
paste is fired, typically at peak temperaturesetfveen 600°C and 1000°C, for a period
of 20 — 60 min. During firing, the binder reactsttwthe ceramic substrate and forms a
pillar structure, which provides a mechanical ildek in addition to a chemical bond to
the metal film (Vest, 1986).

On the other hand, nano-particle silver, whicleaated with a dispersion agent
to prevent the particles from aggregation at roempgerature, adheres to some metals
and polymers during their sintering process at @alo200°C for 60 min. Heat activates
and removes the dispersion agent from the surfat®eeqoarticles in order to initiate the
connection among particles by atomic movement. Hewehe adhesion mechanism of

the nano particle silver to substrate materialsnadeen identified yet. In particular, the



adhesion of nano-patrticle silver to polymer digiectayers such as the widely used
Kapton® dry film is concerned with low adhesionesigth because the processed
polymer surface is chemically inert.

Thus, in order to improve NPS adhesion, NPS adhasiechanisms first need to
be identified. Also, to check improvements in adbwsa thin film adhesion test method
should be developed, because conventional adhdas&inmethods are not directly
applicable to the thin (~2um) NPS film. Therefarethis thesis, the mechanism of NPS
adhesion to organic and inorganic materials willidentified, and a new adhesion test
method for measuring the interfacial bond strengftiNPS film to substrates will be
developed. NPS adhesion prediction model will bso alleveloped, which provides
explicit relationships between NPS tensile bonérgjth and adhesion factors. Finally,
guidelines for improving the adhesion strength &3\Wwill be suggested and validated by

conducting experiments.

1.2 Thesis objectives and structure

The primary objective of this thesis is to ideptiie mechanism by which nano-
particle silver adheres to substrate materials tanadmprove the adhesion strength of
nano-particle silver film for electronics packagiagplications.

A motivation to the thesis is presented in Cha@tefhe focus of this chapter is
to introduce the newly developed rapid packageagpyping technology and the adhesion
issue of nano-particle silver material used in dmgp-first packaging technology. A
comparison of nano-particle silver material to tt@nventional silver paste is also
introduced in this chapter.

Chapter 3 deals with general adhesion mechanisohsding adhesive adhesion

mechanisms and particle adhesion mechanisms. Amatinipe adhesion mechanisms



considered, the adhesion mechanism relevant to &tlf@sion is extracted based on
magnitude analysis and literature search. From adhbhsion mechanism relevant to NPS
adhesion, plausible adhesion factors are seleattds chapter.

Chapter 4 discusses the experimental resultsvafuating the effects of
plausible adhesion factors. A qualitative adhediest method to quickly assess the
adhesion level between NPS and various substrateriala is explained. Also, materials
to NPS adhesion test are introduced in this chaptes effects of substrate hardness,
surface roughness, contact angle, hydrogen bon8itame coupling agent, and diffusion
will be dealt with using experimental approach. Bxperimental results are analyzed
and significant adhesion factors are identifiethis chapter.

Chapter 5 presents a creative thin film adhestshmethod that is developed to
guantify the adhesion strength of NPS with varisubstrate materials. The reasons for
ineffectiveness of existing adhesion test methadseaplained. Test sample preparation,
test procedure, force analysis, FEM analysis, fatéal fracture criterion, and Kendall's
model are exhibited.

In Chapter 6, an existing adhesion model that ainatsignificant factors for
NPS adhesion is introduced. The adhesion modeliges\general and explicit relations
between adhesion strength and adhesion factorsadimvesion model will be evaluated,
and a modified adhesion prediction model will bevedeped by fitting the measured
adhesion strength data using the adhesion testothedescribed in Chapter 5. The
adhesion prediction model is separately fitted ihi® experimental data for organic and
inorganic materials because of the two distincyiwkfferent material property groups.

Each adhesion prediction model for organic andgaoic materials is verified in
Chapter 7. Test materials used to verify the adimggiediction model are also introduced.

Comparisons between the model and the experimesgalts for these particular cases of



materials will be made to prove the validity of theéhesion prediction model. Finally,
guidelines for improving the adhesion strength &3\are suggested. The guidelines are
based on the developed adhesion prediction modeelsas extra adhesion factors that
can be added by external assistance

Chapter 8 summarizes the conclusions of this reseand presents several

recommendations for future works.



CHAPTER 2

MOTIVATION AND BACKGROUND

2.1 Chip First Packaging Technology

The electronics packaging process is becoming cmrlex, and its complexity
increases manufacturing cost and lead time. Intiatdimore electronics components for
more functions must be placed in the limited spat@n electronics package and the
resulting high density makes it difficult to impevthe mechanical and electrical
reliability performance of electronics packages.

For the purpose of increasing the functional dgnasitthe electronics package,
General Electric (GE) and Texas Instruments (Ti)ettgped a chip-first approach, which
is also called high density interconnect (HDI) aswen in Figure 2.1. In this approach,
ICs are placed in the cavities of a ceramic ortasibstrate and bonded to the substrate.
Above the substrate, a dielectric layer is formenicro-vias are created by the laser
drilling technique, and Ti/Cu/Ti metallization ised to form a multilayer interconnect
(Daum, 1993).

As a similar HDI technology, Intel developed bungsiduild-up layer packaging
process that involves chips embedded in a bismaleirtriazine (BT) laminate or a
copper heat spreader, which then has one or maletuju layers formed on top(Towle,
2001). A standard micro-via formation process makesconnections between the build-
up layers and the chip pads. The embedding of hisan the panel may be done with
molding or dispensed encapsulation material.

In addition, the Technical University of Berlincathe Fraunhofer Institute 1ZM

developed somewhat different HDI process (Topp@®12 This process consists of die-



bonding to laser-cut windows of ceramic or silicubstrates by filling the gap between
chips and substrate with an epoxy, planar embedadlingulti chip module (MCM) by
mechanical polishing of its backside, a standaid fiim multi-layer process with a
photosensitive polymers on the surface of the ead@dubstrate, and interconnects of

bare dies or standard passive components to theecoputing of the MCM.

V2272777 win substrate

I,
EE-W/W/,//;] Deposit and Pattern Aluminum

W Place and Bond chip to Substrate

7 7 Laminate Kapton

Laser Drill Vias
l ?\ e Sputter Ti, Cu: Electroplate Cu:
iy Sputter Ti

Repeat
for each W — Laser Expose Photo Resist and
layer IS LTSEI TSI S Etch to Form Conductor Pattem

"\\}.\\ Mgl Apply Dielectric Layer
I ELITITTIITIIIIL,

PSS TR PSS Apply Passivation
02/227,

Figure 2.1 GE HDI fabrication process (Source: DaLe93)

Although the traditional HDI approaches can meetrgguirements of increasing
functional density, they cannot avoid the effecerfreme processing conditions required
for standard IC fabrication such as vacuum spuieaind wet chemistry processing, and
the capital constrains of vacuum and wet chemigirgcessing, critical factors

influencing process complexity, the manufacturingtcand the lead time of the process.



An innovative chip-first approach based on dataedri processes using nano-
particle silver (NPS) as an interconnect and sppatly targeting rapid package
prototyping and low volume production in microefeciic packaging is being developed
not only to reduce process complexity, manufacguigost, and lead time but also to
potentially enhance electrical and mechanical bditg performance.

The assembly process starts with a bare stainiessa suitable substrate, where
cavities for inserting chips are formed as showrkigure 2.1. Chips are upside-down
bonded into the cavities by compression bonding tifermoplastic adhesive film. After
the chips are bonded, polyimide or LCP film is Iaated on the active surface of the
chips and the substrate to form a thin film struetused for a dielectric layer. Through
the dielectric layer micro-vias are drilled to tbleip pads by an excimer-laser ablation
technology. Finally, nano-particle metal is depesito complete an electrical circuit by

screen printing. The details of each process a®udsed in the following sections.

2.1.1 Substrate

Historically, alumina, aluminum nitride, or silicohave been preferred as
machinable substrate materials for the chip-firddl Hechnology (Topper, 1997).
However, stainless steel was used in this procegslapment in order to make a robust
and flat substrate, and to form a heat spreadernbhminal thickness of the substrate is
0.625mm and it should be slightly larger than tbatthe thickest chip (0.6mm) for
leveling coplanar in the lamination process. Thengoter-generated artwork of wire-
electro discharge machining (w-EDM) mills cavitieg)ere IC components are placed, in
the stainless steel substrate. With respect t@hiype size, slightly oversized cavities are
cut into the stainless steel substrate so thagaipebetween the die and the cavity wall is

filled by adhesives. The gap size in this experinvess designed as 100um on each side.



An array of two cavities with each side length 02&0.02mm was milled in the
stainless steel substrate with four ficucials @1%0.02mm for a demonstration purpose
as in Figure 2.3.

1. Carrier Substrate

2. Die Attach & Lamination
I P P

3. Micro Via Formation

H.__H.-_z Repeat

4. Nano-Particle Metal Deposit

5. Multiple layer Package

Nano-Particle Ietal (MNP

Cpenings for next assembly Dielectric Layer Tnterconnect

Substrate Encapsulation

Figure 2.2 Schematic outline of a rapid packagéopyping process
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Figure 2.3 Photograph of stainless steel substrate

2.1.2 Die attach

A high precision pick and place machine, whosenatignt tolerance is 5um, is
used to align the dies of 5x5 mm size with the sabes cavities. In order to temporarily
maintain the initial position of the dies aligned the machine and to make a coplanar
surface with the substrate, thermal resistant sajg@ as polyimide tape is attached to the
top of the substrate as shown in Figure 2.4.

Components that are placed in the cavities ara figefilling up the gap between
dies and substrate using thermoplastic adhesiwe.abtlhesive filling process is achieved
by using a hot press as shown in Figure 2.5. I figure, the aluminum foil is used to
protect the platen from sticking to the adhesiVés temperature of the hot platen should
be controlled to prevent the dies from moving iestide cavities. If dies move, resulting
in the die position change from the initially dewd location, then misalignment will
take place in the following data-driven processsshsas micro-via formation and NPS
deposition. The die moving problem at high tempermthas been one of the challenges
in the typical chip-first approach. This challengas resolved in this experment by

controlling the temperature of the top and bottotatgm as 31%® and 200C,

respectively, as shown in Figure 2.5. The lowerperature of the bottom platen that is

close to the polyimide tape prevents the adheditleeopolyimide tape from flowing, and



holds the initial position of the dies placed bg fhick and place machine. In this step, the
thermoplastic adhesive does not need to compldilelihe gap because the complete

filling will be done in the subsequent laminatiotes Temperature below 2@Q

however, was not sufficient for the thermoplastibesive to fill the gap and to hold the
dies after detaching polyimide tape.

After the thermoplastic adhesive is cured, the ipalye tape should be removed
before the next lamination step. After removing temporary polyimide tape, the die
position should be checked to make sure that titiealiposition is maintained after die
attach process. Figure 2.6 shows the die positidore and after tape removal with the
intentionally drawn cross mark for checking thetek position. The distances of A, A’,
B, and B’ from each cross mark were measured ateldlin Table 2.1. The die position
was changed as much as 4 - 33 um after die attaitiisi experiment. This amount of die
position change is acceptable as long as the miersize is large enough to expose the
chip metal pads even under this amount of misalgrmand NPS ink can reach and

connect to the exposed pads.

Figure 2.4 Polyimide tape attach
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Figure 2.6 Die position experiment: (a) Positiob&fore and after (b) tape removal
(c) Position B before and after (d) tape removal
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Table 2.1 Die Position before and after tape rerova

Point Direction Relative Position frqm_ 0 (0) Position Change
[meantstandard deviation, mm] [um]
A X 1.775t0.001 -
Y 0.202+0.003 -
A X 1.792£0.004 17
Y 0.202+0.003 24
B X 1.556t0.002 -
Y 0.225t0.002 -
B X 1.552+0.003 4
Y 0.192+0.002 33

2.1.3 Lamination

In the chip-first approach, a thin film structusehuilt on dies rather than having
the chips attached to the finished interconnectadtsire as in a chip-last approach. To
form the first thin film structure used for a dieiec layer, a self-adhesive polyimide film
of 50um thickness is laminated over the chips &edsubstrate as in Figure 2.7. LCP or
BCB can also be used as a dielectric layer instdagolyimide. These dry process
materials are preferred over wet chemistry material the data driven process. In
contrast with the aerosol-jet printing, the scregmnting application requires an
additional polymer mask as shown in Figure 2.6fmure 2.4(c) shows a representative

cross section of the dielectric layer lamination.
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Figure 2.7 Materials stacking for laminating polyrdeslectric layer
(a) aerosol-jet printing application (b) screempng application

The lamination process parameters are pressur@etatare, and dwell time at
the maximum temperature. These parameters arendeest by avoiding the primary
defects in the lamination process, which are nbingi non-planarity, and edge
delamination as shown in Figure 2.8 (a)-(c). Fitsg non-filling can be resolved by
increasing the viscosity of the adhesive by indrepdemperature, whose maximum
value is limited by the chip’s maximum exposure penature and time of 350-4@for
a short period of time and whose minimum valuenstéd by NPS sintering conditions

of 230C for 1 hour. Second, the co-planarity can be ad&ddwy using a thick polymer

film at the bottom of the substrate at the diechttstep and keeping it at the lamination
step. For this purpose, 125 um thick polyimide fivas used in this experiment. The
thick polymer film makes up for the lower leveltbe chips by thermal deformation. Last
but not least, to solve the edge delamination gmoblthe pressure should be uniformly
applied to the whole surface of the chip, and émeperature and the time above melting

temperature should be appropriate enough for thesade to melt and to bond to the dies
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and the dielectric layer. With consideration onstheprocess defects, the lamination
process parameters were determined for each dielecaterial used in this research as
summarized in Table 2.2.

Table 2.2 Lamination Process Parameters

Dielectric Peak Temperature Dwell Time Pressure
Material [TC] [mins] [psi]

Kapton KJ 315 20 500

Kapton FN 315 5 300

Figure 2.8(d) shows the good lamination with corteoféling, perfect coplanarity,

and no edge delamination.

Non-filling

Chip Substrate

&y

" ¥
o
- .- .
i s
c " b
RS .
po ot
e &

.-

Die Attach
Adhesive

o=

Filling

Substrate Chip

Die Attach
Adhesive

(c) (d)
Figure 2.8 Primary defects in the lamination steg good lamination
(a) Non-filling (b) Non-planarity (c) Edge delamtian (d) good lamination
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2.1.4Micro-Via Formation

Micro-via formation and circuit patterning are aogaished by using a computer
controlled excimer laser ablation technology. Iis ttechnology, laser photons directly
excite and break the chemical bonds of the solaising ejection of material. The
excimer laser machine uses KrF that produces a lemgth of 248nm. The primary
factors for forming vias by controlling laser ing#y are demagnification, number of
bursts, fluence (or energy density, transmissiotighit), and repetition rate (or burst
frequency). Demagnification is dependent of a s&t@ of via with respect to a mask,
but it is also known to affect the laser intensyconformal mask made of brass with
500um size square aperture were used for crea@dguin size micro-vias under 4.0
demagnification. The brass mask is nominally 15ahiok. The number of bursts is
determined as the number to expose the chip paidhvigdetermined by the fluence and
the repetition rate. The flunece can be variedlgnging the transmission of light in the
eximer laser machine used in this experiment.

To optimize the laser ablation process, designexperiment (DOE) was
performed. In this DOE, the repetition rate (bdretjuency) and fluence (transmission of
light) werre selected as two factors and etchaata response. The levels of each factor
were chosen as 10Hz and 100Hz for the repetitite) eand 40% and 80% for the fluence
under the constant energy mode of 200mJ. DOE dmabysults illustrated in Figure 2.9
show that both the two factors are significant beeaeach p-value is less than 0.05.
From the main effect plot, fluence looks more damnirto etch rate than repetition rate.
However, repetition rate looks more influential tire low flunece level as shown in
interaction plot, Figure 2.9(c). Figure 2.10 shoars example of a good via in a
polyimide film created by the optimum settings @&f0EnJ of energy, 80% of fluence

(transmission of light), 100Hz of repetition rat240 times of bursts, and 4.0
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demagnification with 500 um mask aperture size.l§&B summarizes the Micro-via

process parameters for dielectric materials usedlisresearch.

Fractional Factorial Fit: etch rate versus fluence, rep rate

Estinated Effects and Coefficients for etch (coded units)

Term Effect Coet SE Coet
Constant 0.099125 0.001858
fluence 0.128750 0.064375 0.001858
Lep rate 0.017250 0.008625 0.0015858

fluence*rep rate -0.012250 -0.006125 0.001858

Significant !

Analysis of Variance for etch (coded units)

Source DF Seq 55 Adj §8 Adj M3 F P
Hain Effects 2 0.0337482 0.0337462 0.0168741 610.83 0.000
2-Way Interactions 1 0.0003001 0.0003001 0.0003001 10.86 0.030
Residual Error 4 0.0001105 0.0001105 0.0000276

Pure Error 4 0.0001105 0.0001105 0.0000276
Total 7 0.0341589

@
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Figure 2.9 Micro-Via DOE analysis results (a) ANOW#) Main effect plot (c)
Interaction plot

Mean
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Figure 2.10 Micro Vias created in polyimide layer

Table 2.3 Micro-Via Process Parameters

Mask

Dielectric Thickness aperture sizd Demagni- | Number of | Transmission
Material [um] b [um] fication Bursts of light [%]
Kapton KJ 50 500x 500 4 240 80
HN 25 500x 500 4 75 97
Kapton
FN
Telon s 720x 2000 6 70 97

% Other Parameters: Constant Energy 200mJ, RepeRtida 100Hz

2.1.5 Screen Printing

The particle size of nano-particle metals is tylycen the range of 1 to 100 nm.

The nano-particle metal interconnect is due tosth&ering behavior of nano-sized metal

particles at much lower temperatures than the ngefipint of their bulk metals, which is

called the size effect. The size effect of nandiglarmetal results from a considerably

high surface area to volume ratio in nano parti¢fdten, 1986). However, the sintering

behavior is known to be very complicated, whereingf@oundary diffusion, volume

diffusion, surface diffusion, and evaporation andndensation are simultaneously

involved. The physics of the nano particle sintggenomena are not clearly known yet.
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The sintering process temperature should be asa®wwossible since many common
organic materials deform at around 2D0

The silver nano particles were measured as 8nmameter with a standard
deviation of 0.7nm for 25 samples using TEM as showFigure 2.11(a). Figure 2.11(b)
shows a SEM picture of the surface morphology oENtered at 230for 1 hour. The
particle size of the processed NPS is about 150vinich is much bigger than the initial
particle size, and this result indicates that singeoccurred. As the silver nano particles
are sintered at high temperature conditions, sééventhe NPS are evaporated and NPS

conductivity slowly increases over time.

@)

(a) TEM image before sintering (b) SEM image a$ietering

Figure 2.11 Nano-Particle Silver

Figure 2.12 shows the screen printing process f® Meposition. The NPS drops
on the substrate and micro-vias are squeezed assgueeze blade. All the materials
with NPS coating are put into a convection ovenicivhs already pre-heated at 230C.
After 1 hr sintering, the polymer mask layer is lpdeoff and the electrical pattern is

formed on the substrate and the micro-vias with NRSas shown in Figure 2.12(c).
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D\i'electric layer lL /NPS

Figure 2.12 NPS Screen Printing (a) schematic dragb) photographs of screen
printing (c) Micro-vias after NPS deposition

2.1.6 Aerosol-jet Printing

To make micro sized electrical circuits without ngsi the conventional
lithographic process, aerosol-jet printing techggldvas been developed (Colvin 2005).
The aerosol-jet printing process, which is alsdecalMaskless Mesoscale Material
Deposition (M3D), consists of three basic stepsos®ization (transport), deposition,
and heat treatment of the deposition. In the admsgion step, as the name suggests,
aerosols are created, and they are entrained airastream as schematically shown in
Figure 2.13(a). The entrained aerosols pass thrauigbating element that heats the air
stream, and they reach a collector in which theflaw is focused to a tight point for
deposition. The focused air is deposited on a satiesby traveling through a nozzle tip.

The aerosol droplets are impacted on the substrdiesonically. Finally, by heating the
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deposition, the nano particles are sintered andidxamo the substrate, forming electrical
paths as in Figure 2.13(b). Figure 2.13(c)-(e) shtve microscopic view on some of the
electrical features formed by aerosol-jet printiaghnology.

In the aerosol-jet printing process, the techniffuwemaking aerosols depends on
the viscosity of the material. Thus, the viscosfythe deposited material should be
determined first. Materials with a viscosity of dethan 10cP can be atomized with an
ultrasonic atomizer, while those with a higher oty up to 1000cP could be atomized
with a pneumatic atomizer. Depending on the appdinathe viscosity of the fluids may

be adjusted using solvents.
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Figure 2.13 Aerosol-jet printing technology
(a) Schematic diagram (b) Electrical paths formgidgiM3D (c) Magnification on
Probe Pad Printing (d) Electrical Path (e) Micr@ad/i
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2.1.7 Multilayer Packaging

By repeating the unit assembly process describeflignre 2.2, a multilayer
package prototype can be constructed as showrgurd-R.15. This packaging approach
for constructing multilayer packages has many athges over the conventional
techniques from the assembly perspective. The gaulapproach is data driven and a
dry process. It does not require any photo maskscifguit patterning; this reduces
packaging turn-around time from months to daysoAisis not as limited by substrate
composition and morphology, eliminates the needpacial chip processing such as flip
chip solder bumps, and it permits the use of ang tdthnology and any chip supplier
allowing mixed devices. The embedded-active prosess NPS avoids the extreme
processing conditions required for standard IC ifabion, such as wet chemistry
processing and vacuum sputtering. In additionNR& is sintered at polymer-compatible

temperatures as low as 280 These results represent an important step tosteray
packaging characterized by high density, low cast data-driven fabrication for rapid

package prototyping.
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Figure 2.14 Cross sections of a three layer package
(a) T layer interconnect (b)"2layer interconnect (c)%layer interconnect (d)
overall cross section view

2.1.8 Summary

Rapid package prototyping technology that combmesip-first approach and a
data-driven process has been developed. In thisagay technology, the conventional
wet chemical process that influences process codatplend manufacturing lead time has
been changed to a dry, data-driven process, negulii potentially reducing packaging
turn-around time from months to days. The rapidkpge prototyping technology will
allow package designers to rapidly and less expelysinake tangible prototypes of their
designs so that they have excellent visual aidsdonmunicating design concepts with

co-workers or customers.
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2.2 Nano-Particle Metals (NPM)

The size of metal nano patrticles typically is ie tlange of 1 to 100 nm (Fuller,
2002). Due to the small size of nano particlediais been found that they have much
lower melting or sintering temperatures comparedhtr bulk materials (Allen 1986,
Buffat 1976). As cited in Figure 2.16, the meltitegnperature of gold nano particles

depends on particle size. Gold particles with angieer of 208 are predicted to melt at a
temperature of 600K (327), while bulk gold melts at 1337K (10&%). Also, nano-
particle silver sinters at around 280 while the melting point of pure bulk silver is
9617C.

The lower melting point results from a high sugarea to volume ratio in nano
particles, which makes it possible to form bondsvieen neighboring particles at lower

temperatures due to high surface energy.

b Tm (K}

.p. bulk
1300, m.p. bul -
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300 1 L 1 "
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Figure 2.15 Size effect of Au nano particle on meltemperature
(Source: Buffat, 1976)

The development of a fast and convenient fabooatiechnique to create
conductive lines has been a focus for conductives.inn the research concerning
conductive inks, metallic nano-particle suspensigased significant interest in recent

years due to their high conductivity and room terapee operation. Among the metals,
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silver and gold nano particles are widely usedh@a $tudies of conductive inks due to
their high conductivity, lower oxidation rates, amidermal stability. Huang (2003)
developed plastic-compatible nano-particle gold emals, which can be sintered at
150°C for 30 min, with very small particle size df5 nm for flexible electronics
application. Fuller (2002) used silver and gold mgrarticles as structural materials to
demonstrate how to build a 3-D MEMS device usinkjeh printing technology. Lee
(2005) synthesized silver nano particles by a chalhmeduction method using solvents
currently used in commercial color inks withoutngstoxic substances such as toluene to
make environmentally friendly inks. Szczech (20@#ported the resistivities of nano-

particle gold and nano-particle silver after simgrat 300°C for 15 min as 10a.cm
and 35, o.cm, respectively. Okada (2006) found low resisitiviigno-particle silver of 2
u Q-cm processed at 300°C for 30 min, which is comparabld.59 , o.cmof bulk

silver (Serway 1998). The larger resistivity of ngrarticle metal film than that of bulk
material might be due to the porosities inside riaao-particle metal film. Figure 2.17
shows an example of the porosities for the nantgbarsilver film. The pores in this
figure occupy about 7.9% of the whole cross-secsioriace. These porosities could be
the passage of volatile solvent that comes ounhdutie sintering process.

While the nano-particle fabrication research hanlia progress, characterization
and performance of the nano-particle materialsnwadeen adequately proven yet as an
electronics packaging interconnect material. Opsblpms include resistivity, sintering
behaviors, adhesion, leakage current, frequengyors®, and reliability performance.
Specially, adhesion mechanisms of nano- particléalmeare very important for the

electronics packaging application, but these mashanhave not been identified yet.

24



Figure 2.16 Cross section sample of porositiesleBIPS film
(Data from NPS manufacturer)

2.3 Nano-Particle Silver (NPS) Adhesion
Nano-particle silver paste or ink (NPS) looks versnilar to thick film silver
paste except for its particles. While the silvenmaarticle size is of the order of a nano
meter, the thick film silver paste has silver powdizes at the micro meter level. The
thick film silver paste consists of three main caments: functional phase, binder, and
vehicle. The silver paste functions as a conduand thus, silver nano powder is the
functional part. It can be bonded to ceramic sas$r due to inorganic binders such as
glass frit or crystalline oxide powder. The thidk silver paste can be screen-printed on
substrates due to the rheological properties giwerits vehicle component, which is
composed of volatile solvent and nonvolatile re3io.improve wetting on the substrate
and dispersion of powder, surfactant can be aduedthe paste. The silver paste is fired
typically at peak temperatures of between 600°C H@D°C for a period of 20-60 min.
During firing, the binder reacts with the ceramibstrate and forms a pillar structure,
which provides a mechanical interlock in additionat chemical bond to the metal film

(Vest, 1986).
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On the other hand, nano-particle silver consistssibfer nano particles, a
dispersion agent, and a volatile organic solventedscle. Oda (2005) reported that silver
nano particles can be coated with a dispersiontagesh as a surfactant to prevent the
particles from aggregation at room temperaturethair sintering temperature of around

200T for 60 min, heat activates and then removes thgetsion agent from the surface

of the particles in order to initiate the connegtamong particles by atomic movements.
It is known that nano-particle silver adhere to sametals and polymers. However, the
adhesion mechanisms of nano particle metals inotusilver have not been identified yet.
In particular, the adhesion of nano-particle silt@rpolymers is concerned with low
adhesion strength because most of the processgth@okurface is chemically inert.
Figure 2.18 illustrates examples of NPS adhesiosotne electronics packaging
materials using an ASTM tape test. NPS film form@eak adhesion to Kapton FPC,
Kapton HN, and aluminum thin film as almost all tiES film was detached from these
materials after attaching and detaching the taptheNPS film as in Figure 2.18(a)-(c).
No detection of NPS detachment from the etchedrChigure 2.18(d) means a strong

adhesion of NPS to etched Cu.
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Figure 2.17 ASTM Tape Test on NPS/Electronics Maker
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CHAPTER 3

ADHESION MECHANISMS

3.1 General Adhesion M echanisms

The weakness of the rapid package prototypes weino4particle silver
interconnects has been found to be the weak adhesithe nano-particle silver to some
electronics materials such as Kapton polyimide famd aluminum thin film. Thus,
resolving the weak adhesion of the nano-partidieessio substrate materials will be the
key issue in developing reliable package prototyflest use nano-particle silver
interconnects. In order to improve the adhesiorength of NPS, the adhesion
mechanisms of nano-particle silver to substrateerras need to be first known. The
adhesion mechanisms of NPS, however, have not Wdeand yet. Therefore,
identification of NPS adhesion mechanisms is neggsss an approach to NPS adhesion
improvement. In order to identify the NPS adhesimechanisms, the adhesion
mechanisms of general bonding methods were studigds chapter. Adhesion between
two different materials is a complicated phenomenand it is based on physical,

mechanical, electrostatic, diffusion, and chemimathanisms.

3.1.1 Physical Adsorption
The well known wetting phenomenon is closely relate physical adsorption, in

which surface forces are due to molecular contattdistances within A - between two

materials. Physical adsorption is mostly due to gan Waals attraction force. Kinloch

(1979, 1980) suggested that physical adsorptidinei®nly adhesion mechanism in many
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adhesive joints. Allara (1986) concluded that the der Waals force is the most common
surface force, but Fowkes (1987) mentioned thatl-haese interactions may also
contribute to adhesion forces. Lee (1991) arguatlttie van der Waals force is the most
important mechanism in achieving adhesion. Goo®Z)1%ound that wetting due to van

der Waals force can be determined by contact amgl@surements. Young and Dupre’s
equation (Van Oss, 1990) describes the relationdbepyveen contact angle and
thermodynamic work of adhesion. Therefore, the roution of physical adsorption to

the total work of adhesion could be determined l®asaring contact angles and using

Young and Dupre’s equation, which will be discussethe next section.

Pressure Sensitive Adhesive

Elastomer-based adhesives are used in coatedoimarbacking as the adhesives
in pressure-sensitive adhesive tapes. When theataghadherend are brought into contact
under no more than finger pressure to form meagitaind strength, the adhesive can
be defined as a pressure sensitive adhesive (HBA)primary feature of PSA in contrast
with other adhesives is their ability to deflectliftrthe backing on which the adhesive is
coated with little applied pressure. This propéstiknown as tack, a viscoelastic property
of the adhesive. Tack is the instantaneous wettivigch is related to the physical
adsorption mechanism. When a PSA is applied tdatsate, the adhesive is expected to
spontaneously spread on the surface with littl@a@mapplied pressure just like a liquid.
The tape is often allowed to sit on the substrateafperiod on the order of a second or
more after application. However, when the adhesiyeeled, the adhesive is expected to
resist the peeling like a solid, but peeling iselom the order of tenths of a second. Thus,
a PSA behaves as a liquid for long time scalestifwggt and as a solid for short

timescales (peeling). This behavior is achievea #scoelastic material. (Pocius, 2002)
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3.1.2 Electrostatic Force

It is very well known that rubbing a balloon madelatex rubber on a wool
sweater gives rise to a surface charge on the dmlldhe forces between atoms or
molecules which bear such a charge are calledrettatic forces. Derjaguin (1955)
stated that the electrostatic adhesion mechanismegplain all adhesion phenomena.
Huntsberger (1967) found that plastic deformatiohadhesive and adherend should be
considered in the adhesion analysis. Possart (ligi@8jified the electrical double layer
that is closely related to electrostatic force I8jng potential contrast scanning electron
microscope (SEM). Horn and Smith (1992) verifiecare transfer between glass and
mica. Dickinson (1994) found that discharge ocaliménen adhesive was peeled from

substrates.

Laser Printing (Laser Printer, Photocopier)

A laser printer uses the electrostatic force faemporary adhesion. The core
component of the printing system is the photoremedtum, as shown in Figure 3.1,
which is made out of highly photoconductive materfde photoconductive material is
discharged by light photons.

The drum is positively charged by a charged ratlea charge corona wire. As
the drum revolves, the printer discharges certaimtp by shining a tiny laser beam
across the drum surface, forming negatively cha@eas (electrostatic image). Then,
the printer coats the drum with positively chargeder, a fine black powder. Since the
toner has a positive charge, it sticks to onlynkgatively discharged areas of the drum
surface. Next, a sheet of paper that bears a srovggative charge, given by the transfer
corona wire, than that of the electrostatic imaglés under the drum and pulls the toner

powder away. The paper is discharged again by anatbrona wire immediately after
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picking up the toner to keep it from clinging teetdrum. Finally, the paper goes through
a pair of heated rollers (fuser) that melt the éotzmer powder and fuse it with the fibers
in the paper. The paper passes through the r@tecickly that it becomes hot but not

dangerously hot.

Fuser

Photoreceptor
Drum
~=— Toner Raoller

Figure 3.1 Laser printing mechanism
(Source: http://computer.howstuffworks.com/lasenygr3.htm)

3.1.3 ParticleAdhesion

Particles in the atmosphere include dusts, metéilers, metal oxides,
hydrocarbons, pollens, and organic matter. Theseclgs are abundant around us and
very easily adhere to surfaces. The adhesion fafrsach particles is known to be greater
than the gravitational force on those particlespas can demonstrate by inverting the
surface with adhered particles. For example, fdarwm diameter particle, the adhesion
force exceeds gravitational force by factors gre#ttan 16 (Visser, 1975). The total
force of adhesion of micro-sized particles to stefacan range from 0to 10° N. This
force corresponds to a tremendous pressure of LPabIPa pressure. The total adhesion
force on a particle is known to decrease approxydinearly with decreasing particle

diameter (Bowling, 1985). Although the forces ohasion seem to simply decrease with
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decreasing particle diameter, the force per ureaancreases with decreasing particle
size. Therefore, for nano-sized particles, the sidimeforce per unit area is expected to be
higher than that for micro-sized patrticles.

In particle adhesion, the attractive interactioncés between a particle and a
substrate can be categorized by long and shorertorges. Long-range forces are those
forces that bring the particle to the surface astdtgdish the adhesion contact area. Van
der Waals and electrostatic forces are includeth@se long-range forces. Short-range
forces refer to those forces that can be activatex the adhesion contact area has been
established. Various types of chemical bonds sukhmatallic, ionic, covalent, and
hydrogen bonds are included in the short-range efordHowever, these chemical
interactions with other adherents may not be abkldoecause the surfaces of still
separate adherents tend to be chemically satubgtentaminating substances (Krupp
1967, Bowling 1985).

Much work on the adhesion forces between a partidé a substrate surface
concluded that van der Waals, electrostatic, ampalaey adhesion forces are the major
contributors to adhesion, while leaving a posdipithat chemical bonds at the contact
area between the adherents may play an importéat (iKrupp, 1967, Bowling, 1985,
Ranade, 1987, Donovan, 1993, Kitchener, 1973, Boladirya, 1978)

It has been found that electrostatic forces areiwlam for particles greater than
about 1 um diameter and that van der Waals forcedominate for smaller particles
(Chow, 2003). Van der Waals forces refer to forbesveen molecules having dipoles
caused by the spontaneous polarizations of thesatmm molecules in the material. The
van der Waals force is large enough for most gagiand/or surfaces to be deformed.
Thus, the amount of deformation depends on thenleaslof the particle and surface, and

the adhesion distance between particle and substtams.
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3.1.4 Mechanical Interlocking

Adhesives penetrate into any irregularities sucpbass, holes and crevices, and
they lock mechanically to the adhered surface. @tlsesion mechanism, which is called
mechanical interlocking, has been understood byymesearchers from the perspective
of surface roughness effects. Arrowsmith (1970)n@rad the surface roughness effect
of copper on epoxy adhesive. Venables (1984) aigestigated the roughness effect of
metal oxide films to polymer adhesion. Gent and (1890) developed a mechanical
interlocking model to predict the interfacial fract energy between adhesives and
substrates with cylindrical pores. Yao (2000) st another mechanical interlocking
model to estimate the contribution of mechanicderiocking to the total work of

adhesion.

Amalgam restoration

Mercury amalgam has been used for filling toothvitees utilizing the
mechanical interlocking adhesion mechanism, althaegently adhesive materials have
been used to eliminate the need to remove sountth toaterial and to rely on the
interfacial forces. In the amalgam restorationelatively large ‘ink-bottle’ pit is formed
by drilling out tooth material with an undercut &ngf about 8 then the mercury
amalgam paste is forced into the hole, and is cumgdshining bright blue light.
Mechanical interlocking is the main adhesion medmrof the amalgam restoration; it

ensures that the required service life of sevearroy/ears is achievable. (Kinloch, 1987)
3.1.5 Chemical Bonding

Chemical bonding is achieved by various mechanisonsh as ionic bonds

between positive and negative ions, covalent bormdgallic bonds, coordinate bonds,

33



and hydrogen bonds. Chemical bonds have large iesen§ an order of 100 times the
energy of physical forces of equivalent physicals¢Eley, 1961). Cantrell (2004) found
that the epoxy to aluminum bond was due to hydrdmgerds formed from the OH groups
on the oxidized aluminum surface and the epoxy msoof the adhesive. Many
researchers including Grivas (1986), Parent (19881 Lee (1999) investigated the
intermetallic formation between lead or lead-fre®ders and copper. The covalent
bonding effect obtained by adding silane coupliggrd on the glass-fiber composite has
been examined by several researchers such as 88§%)( Park (2000), Bikiaris (2001),
and Feller (2004). It has been known, however, tantifying each chemical bond
across an interface is almost impossible becawesetarface layer is extremely thin and
chemical bonding is very complicated. Instead, erpentally estimating the
contribution of the whole set of chemical bondsh® interfacial fracture toughness tends

to be the preferred approach.

Rubber to Brass bonding
The bond between brass (70wt% copper and 30wt®) amd rubber is achieved

during vulcanization of the rubber. Brass is laidtop of unvulcanized rubber and they
are heated in a press with the addition of suluring heating, various reactions are
believed to take place at the same time insiderdbber and on the interface between
rubber and brass. Above all, the cross-linking tieacf rubber and the bonding between
rubber and brass take place, resulting in adhe3ibe.interfacial layer between rubber
and brass is about 100nm thick. This layer is daublth a zinc oxide layer containing a
small quantity of zinc sulfide on the metal sidel @ancuprous sulfide layer on the rubber
side. Cuprous sulfide on the adhesive interfagerisnstoichiometric compound, GifS,

which contains more sulfur than €31 Sulfur exists in the form of a cross-link, -G=S-
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in the interfacial layer. Therefore, adhesion tagkxe between the rubber surface and
the brass surface covered with a thin layer of @uprsulfide formed by chemical

bonding. (Yosomiya, 1989)

3.1.6 Diffusion

Diffusion refers to a net transport of moleculeg do concentration difference.
The result of diffusion is a gradual mixing of m@é&by random molecular motion from
a higher concentration region to a lower conceiamategion. Without any external net
forces and under uniform temperature, the diffusiwacess will eventually result in
complete mixing or a state of equilibrium.

Molecular diffusion is typically described usingclEs laws of diffusion as in
Equation (3.1). This well-known diffusivity equatioindicates that the velocity of
diffusion at the bonding interface is influenced the diffusion coefficients of the
interface materials, their activation energies, tiredtemperature.

D=D,e" " (3.1)
where D is diffusivity, Q is activation energy, §temperature, £and R are constants.

The activation energy of metal atoms is differémt the different types of
diffusion. Generally, diffusion is classified inbmdy (or bulk) diffusion and short-circuit
diffusion, which includes boundary diffusion, disttion diffusion and surface diffusion.
The body diffusion is much slower than the shortai diffusion.

Polymer to polymer adhesion generally occurs thnotle inter-diffusion of
molecules in the adhesive and the adherend. Thesy beuchemically compatible with
each other in terms of diffusion and miscibilityr fthe inter-diffusion to take place.
Voyutskii (1963) suggested that polymer adhesiordue to the mutual diffusion of

polymer molecules across the interface. Vasenir6ql9ound that the adhesion for
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polyisobutylene was a function of temperature d@ntef following Fick's 2% law. De
Gennes (1974) described the diffusion of a mobidymer chain through a net of
impenetrable and immobile obstacles using the Reptanodel, which is a widely used

concept of polymer motion.

Diffusion Bonding

Diffusion bonding is a joining process that udes ¢ieneral assumption that all
metals bond if thoroughly cleaned surfaces are divbtiogether within the range of
interatomic forces. Once two fresh metal surfacesecinto contact, interdiffusion occurs,
resulting in bond formation. This process is acbaiwsing an applied pressure at an
elevated temperature usually in the range of 0G8-Tm, where Tm is the absolute
melting point of the material being joined.

Solid-state reaction (SSR) and transient liquidgehdiffusion bonding (TLP) are
the two main variants of diffusion bonding. In tB8R, disruption of the surface oxide or
films on the metal surface allows intimate metatimntact and hence bonding. Many
studies have been done to remove the oxide filndst@mewomplete the diffusion bonding.
While some metals such as copper, titanium and digsolve the surface oxides into the
bulk of the metal or decompose at the bonding teatpee, a chemically stable oxide
layer such as aluminum oxide needs to be ruptuyedhposing a substantial amount of
plastic deformation of 40% at the minimum.

In the TLP, a liquid layer is formed during thenbling process and then, as a
consequence of continued interdiffusion at the bapdtemperature, isothermal
solidification occurs to generate bonding (Shirz&fl01). The formation of the liquid
phase generally is achieved by inserting an ingerlavith suitable composition, which

has a lower melting point than the alloy being gainA zinc interlayer for aluminum
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alloys corresponds to this case. The liquid phase also be formed using a eutectic
composition that locally lowers the melting poistia the case of copper interlayer with
aluminum alloys. While the interlayer in brazindigiies only when the bond is cooled,

the liquid phase in TLP subsequently solidifiestheomally as a consequence of

continued diffusion at the constant bonding temiueea

Cold Welding

Bonding can be achieved even at room temperatimenvdeformation causes
fresh metal surfaces to be exposed and the defiamét high enough to establish
contact between the two fresh surfaces. This tecienis called cold welding. In cold
welding, external pressure produces cracks onutace layer or the oxide layer on the
metal surface and extrudes virgin metals throughdfacks in order to form metallic
bonding (Manesh, 2004). Since rolling is capablgmiducing high pressure, cold roll
bonding (CRB) is one of the best methods for usivegcold welding mechanism, which
is also referred to cold pressure welding by rgllinonding by cold rolling, clad sheet by
rolling, and cold roll bonding. The bonding stremgif CRB is known to be affected by
various factors such as surface preparation camditithe amount of deformation,
storage time between surface preparation and thdithg, and the time of bonding (Li,
2008, Zhang, 1996).

There are many theories on the bonding mechanismmold welding. Thin
membrane theory states that the material's welidhalsl not dependent on the materials
properties, but on the state to be welded. Redligstzon theory suggests that the cold
welding process is the course of recrystallizatidislocation theory says that the plastic
deformation of metals can cause dislocations toeniouhe metal surface and to achieve

bonding. Diffusion theory holds that cold weldirggdue to atomic diffusion. However,
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energy theory is against the diffusion theory byirsg that atomic energy rather than
atomic diffusion is required in the bonding. Yun{@003) insists that in a hardly soluble
system such as Ag-Ni and Al-Pb, the bonding medmnof cold welding is the

mechanical bonding force and metal atomic linkagetéllic bonding), but not atomic
diffusion or super-saturated solid solution, beeans compounds or solid solutions

appear on the interface.

Wire bonding

The traditional wire bonding process has been lyidsed as an interconnection
method in the microelectronic packaging industnyrfany years. Thermosonic bonding
technology, one of the widely used wire bondindghtextogies, has some known bonding
steps as follows:

First, the wire balls and the metal pads of thi dn the substrate are brought
into contact under the force on the capillary, gatieg some initial deformation.
However, there is no adhesion in this step duehw fgresence of surface oxides.
Ultrasonic energy is propagated to the contactased through transducer and capillary
and removes the oxide layers on the surfaces bsatuily the capillary with high
frequency. The ultrasonic energy also forces theosad fresh surfaces of the bonding
material together with additional thermal energplagal from a heat source. At this step,
atomic diffusion occurs and causes micro-welds het bonding interface, forming
bonding strength (Jeng, 2005).

Li (2008) suggests that the diffusion mechanisnthatbeginning of ultrasonic
bonding is surface diffusion and that as the bomdavolves, dislocation diffusion
becomes dominant. He also suggests that the utitaBonding is completed at relatively

low temperature and so is different from a thermalting mechanism.
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Soldering, Brazing, and Welding

The soldering and brazing processes are différent welding in that they have
lower melting points than the metals to be joirfealdering and brazing are distinguished
by the process temperature of below 800°F for swideand above 800°F for brazing,
resulting in different adhesion strength and sentemperature. While soldering joins
metals using a metallic alloy filler material suaf Pb-Sn and Sn-Ag-Cu solder, brazing
uses brazing metals such as brazing brass (60%4@aZn), nickel silver and copper
silicon.

Both soldering and brazing processes require toeaielt and to spread the filler
so that the molten filler can wet the base metglalbying and diffusion. Fluxes are
used to promote wetting by removing stubborn oxidlens and other surface
contaminants.

Solder adhesion depends more on its ability totelocked into minute surface
irregularities than on alloying or diffusion. Theolten solder wets the joint surfaces and
is drawn, by surface tension, into minute fisswaed capillary openings. Thus, in order
for molten filler metal to spread well, it is maraportant to get the work surfaces clean
thoroughly.

Whereas diffusion is of secondary importance idexing, in the brazing process,
bonding conditions are set up so that a large amofudiffusion can take place in order
to strengthen and improve the bond.

Welding melts the base metals to be joined andbooes them into one piece by
solidification during cooling down. The fused joimtay be achieved either by simply
fusing metal surfaces together or by introducinglitmhal molten metal of similar
composition to form a metallic bond. Fluxes canat® used in welding to promote

metallurgical processes to join metallic surfa¢Bsuxter, 1994)
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3.1.7 Paint Adhesion and others
Paint Adhesion

Paint usually consists of four basic componenigments, binder, liquid, and
additives. Pigments provide color, binder playol 1of binding the pigments together
and provides adhesion to the substrate, liquidtians as a carrier to make it possible to
apply the pigment and the binder to the surfacédopainted, and additives provide
additional paint properties such as good flow awling.

When the paint coating is applied on the substraseticles of pigment and
binder are dispersed in water. As the water evapsrtéhe particles come closer together.
At the last trace of water evaporation, capillaoyce will draw the binder and the
pigment particles together. In the case of polymmments, the polymers start to
interdiffuse and coalesce into a continuous filmowab the minimum film-forming
temperature (MFFT) of the paint. In addition, thairnp coating is believed to be
mechanically interlocked into the pores or irregtikes of the substrate because sanding
or etching the substrate surface enhance the paimésion. Also, electrostatic force
increases the paint adhesion in the electrostaiitipg technique. The paint gun applies
a high-voltage electrostatic charge to the paintiggas as they exit the gun. These

charged particles are then drawn to the objectgoeatinted, which has been grounded.

Instant Adhesive (Super Glue, Cyanoacrylate adkgsiv

Instant adhesive sets within seconds. This queéction is due to anionic
polymerization, as described in Figure 3.2, whicbuss when a substance having anions,
such as water (H-OH), methanol (CH3OH), or caugtmda (NaOH), causes
polymerization. The anionic polymerization is iated by anion (OH) addition to the

carbon-carbon double bond of the monomer as shawkigure A. The polymerization
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propagates by undergoing repeated addition of menoumits and then terminates.

(Brinkmann, 2002)
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Figure 3.2 Anion Polymerization

Chalk, Pencll

The drawing or writing principle of blackboard thés to leave particles on the
board surface. The chalk is often supplied in stiokcompressed powder that is made
from calcium sulfate. As it is rubbed on a roughatabsurface, it readily falls apart
leaving particles that stick loosely to the surfatiee same principle is applied to pencil
that is made of graphite. Thus, pencil erasers pglgraphite particles from a paper.
Since the molecules in erasers are stickier thasetlof the paper, the graphite sticks to
the eraser preferentially over the paper when theee is rubbed onto the pencil mark.

Some hard erasers damage the top layer of the pageemove it as well.

Adsorption

While adsorption refers to the phenomena on asejfabsorption is a physical
or chemical phenomenon in which atoms, moleculespms enter the bulk phase of
another substance (gas, liquid or solid). Thuspigud®n will not be considered in the

interfacial adhesion study, in which the surfacermmena are dealt with.

Inkjet Printing (Inkjet Printer, Ink on Paper, Badint Pen)
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The printing or writing principle of ink-based 1ep such as inkjet printers,
ballpoint pens, and regular inks, is absorptioin&s$ into the paper. In order to improve
print quality, inkjet printer manufacturers try neake the ink stay in a tight, symmetrical
dot. This is because if the ink is absorbed tooirfty the paper, the dot will begin to
feather. As a result, high-quality inkjet papertypically coated with a waxy film,
resulting in low absorption of the ink. The surfaceighness of paper also affects the
print quality, especially the brightness. While augh paper scatters light in several
directions, a smooth paper reflects more of thbtligack in the same direction. This

makes the paper and in turn any images on the papear brighter.

3.2 Sintering M echanisms

It turns out that the melting temperature of matsrcan be dramatically reduced
by decreasing the size of the material, which ledssize effect. It has been found that
the sintering process is a primary mechanism ofltwe melting point of the small
particles. Surface diffusion, volume diffusion, igrboundary diffusion, and evaporation
and condensation can be the four mechanisms iersigtprocess. However, they are
simultaneously involved in the sintering behaviehich is hence very complicated, and
therefore the physical behavior of the sinteringh@amism is not completely understood.

Figure 3.3 illustrates a Cu-Ni two-sphere systemming a neck between two
dissimilar materials when subjected to sinterinigteing can be categorized into three
processes, adhesion, densification, and grain grpvdcess. The four major mechanisms
aforementioned are simultaneously involved in gadtess (Shimosaka, 2003, Kingergy,

1955).
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Figure 3.3 Sintering between Cu and Ni
(Source: Shimosaka, 2003)

Adhesion Process

The adhesion process occurs due to the vacan@gitation gradient between
the grain surface and the neck. If the neck haglavacancy concentration and the grain
surface has a lower concentration, a substanceféraaccurs from the grain surface to
the neck while the vacancy diffuses from the nexkhe grain surface. The substance
transfer mechanisms involved in this process aeestirface diffusion and the volume
diffusion from the grain surface to the neck, ahe ¢vaporation from the grain surface

and the condensation on the neck.

Densification Process

The densification process takes place owing tostaumoce migration causing
shrinkage. As a result of the adhesion procesdjittance between the centers of the two
grains decreases. This shrinking behavior is caledhe densification process. Two
mechanisms are involved in the densification prects volume diffusion and the grain

boundary diffusion from the grain boundary to tleeksurface.
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Grain Growth Process

The grain growth process occurs due to the surdaergy difference between
two grains. The substance transfers through thie g@undary from the Ni grain having
a greater surface energy to the Cu grain havingaller surface energy, if the grain-to-
grain distance changes as time passes. The grdwtie cCu grain is promoted by the
energy, defined as the difference in energy betwieerCu grain and entire system. Also,
the energy difference between the Ni grain ancetiteée system promotes the substance

transfer of the Ni grain, causing shrinkage ofixhgrain.

3.3 Rdevant Adhesion M echanismsto NPS

Adhesion mechanisms of the general bonding metlvadh be classified into
adhesive adhesion and particle adhesion mechamissismmarized in Figure 3.4. These
mechanisms can be narrowed down to more relevamesah mechanisms to NPS
adhesion by an order of magnitude analysis andidensg relevancy to NPS adhesion.

First, the electrostatic force contribution to ttmeal adhesion force (between
metal and polymer) is known to be negligible by ader of magnitude comparison.
Possart (1988) found that electrostatic work waly dhl171% of the peel strength
between aluminum and polyethylene. By considerirag about 30% of the peel strength
is occupied by interfacial fracture energy, inchglielectrostatic force for copper and
Kapton H polyimide composite (Yu, 2002), the elestatic force can be estimated to be
roughly 0.57% (=0.171%/0.3) of the total adhesiorcé. The fact that the interfacial
fracture energy is about 30% of the total fractemergy is supported by Yao’s
experiments (2000) for aluminum and epoxy bondisma a four-point bending test.
Roberts (1977) argued that the electrostatic endemgity (10e-5 mJ/m2) is negligible

compared to van der Waals energy density (60 mJfo2yubber to glass bonding.
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Therefore, the electrostatic force contributioneéglligible and is excluded in this study.
Since the NPS consists of silver nano particleenegal particle adhesion
mechanisms may work. In the NPS particle adhesiowgever, electrostatic force, one of
the particle adhesion forces, can be neglectedusecaan der Waals forces predominate
for smaller particles than about 1 um diameter (Bayy 1985, Chow, 2003). Since the
silver nano particles (8 nm) are much less than,the van der Waals force could be

dominant over the electrostatic force.

General Adhesion Mechanisms

Adhesive Adhesion Particle Adhesion

Diffusion

Diftusion (Alloying)

Tackiness
(viscoelasticity)

Van der Waals forces
(+Physical Adsorption)

Magnetic attractions

Capillary forces
(solid-liquid)

Electrostatic Force

Mechanical
Interlocking

Chemical Bond

Hydrogen Bond

lonic Bond (Metal - Non-Metal)
Covalent Bond (Non-Metal - Non-Metal
Metallic Bond (Metal - Metal)

Figure 3.4 Classification of adhesion mechanismgeoieral bonding methods

Diffusion may exist between NPS and substrateshénNPS adhesion, only
silver to metal diffusion will be considered becausf the insufficient evidence for
polymer-metal diffusion. Although Wu (1986) examdnine migration of sputtered gold
particles toward the fastest-diffusion phase, itas clear that the migrated gold particles

contributed to the improvement of adhesion strengthus, the metal like silver to
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polymer diffusion will not be considered as a sfigaint factor in the NPS adhesion study.
Capillary force is the force between solid andilijdue to the surface tension of
the liquid. The magnitude of capillary force is lmgg than that of van der Waals force or
electrostatic force at the same particulate sizehasvn in Figure 3.5. During the NPS
sintering, however, all solvent is assumed to aperxated, and thus capillary force could

be assumed as an insignificant factor in NPS adhesi
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Figure 3.5 Comparison of adhesion forces (sourbatt8charya, 1978)

In the particle adhesion mechanisms, magnetiaditns between particles and
substrate materials can take place due to thengntrimagnetic moments of particles as
opposed to the moving electric charges for magrfetices in general. These magnetic
moments can be quantified by one of the surfaceggrterms, which is Lifshitz-van der
Waals component of surface free energy! . This surface energy corresponds to the
electromagnetic interactions between the contigsoufgaces due to oscillating temporary,

permanent or induced dipoles. The magnetic attnastican be incorporated into the

physical adsorption mechanism, in which surfacedsrare due to molecular contact

46



between two materials. The physical adsorptionctvtis mostly due to van der Waals
attraction force, can be determined by contact eangkeasurements. The physical
adsorption mechanism also includes the adhesiorhané&m of pressure sensitive
adhesive, tackiness, which is the instantaneousnget

Thus, by considering the magnitude analysis arddlevancy to NPS adhesion,
adhesion mechanisms more relevant to NPS are sélez$ physical adsorption,
mechanical interlocking, chemical bonding, van Wéaals force, and silver to metal

diffusion.

3.4 Plausible Adhesion Factors of NPS

Among the general adhesion mechanisms, more rdladhesion mechanisms
to NPS adhesion have been selected in section Bd&n these relevant adhesion
mechanisms to NPS adhesion, adhesion factors widtracted and the effect of each
adhesion factor on NPS adhesion will be examined

First, van der Waals force from the general pleraclhesion mechanism has two
adhesion factors: substrate hardness and adhdstance. The substrate hardness can be
measured from indentation methods, and the adhedigtance between particle and
substrate atoms will be estimated from the surfaergy change. The surface energy
change, which is also an adhesion factor of thesiphl adsorption mechanism, can be
calculated from the contact angle measurement uk&young-Dupre equation.

The mechanical interlocking mechanism is mostlgarstood as the surface
roughness effect. When NPS forms a thin film onubstate, it may fill surface
irregularities and locking to the surface just l&ke adhesive. Chemical bonding depends
on bond species and bond density, which coversoggar bond, ionic bond, covalent
bond, and metallic bond (intermetallic bond). Th@SNsticks to polymer substrates

selectively, which means that NPS may have anyepabfe chemical sites in forming
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chemical bonds such as covalent bonds to orgafistisies. The silver nano particles
also adhere to metals as well as polymers, whichlmeadue to metallic bonds.

Finally, diffusion is critically dependent on teerpture, which may be regarded
as the primary activation energy as in wire bondifige plausible adhesion factors in the

relevant adhesion mechanisms to NPS adhesion smmatized in Table 3.1.

Table 3.1 Plausible Adhesion Factors of NPS

Adhesion
Adhesion Factor Physical Phenomenon
Mechanism
Van der Waals | - Substrate Hardness
Particle Adhesion
Force - Adhesion Distance
Physical - Surface Energy Change
Adhesive Adhesion
Adsorption (Contact Angle)
Hydrogen bond
Chemical lonic bond (Metal to non-Metal)
- Bond Species & Density
Bonding Covalent bond (non-Metal to non-Metal)
Metallic bond (Metal to Metal)
Mechanical
- Surface Roughness Adhesive Adhesion
Interlocking
- Temperature
Diffusion Metal to Metal diffusion
(Activation energy)
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CHAPTER 4

ADHESION EXPERIMENTS

4.1 Introduction
The nano-particle silver (NPS) used in this worlaswpurchased from a
commercial source. The silver nano particles havaverage diameter of 8 nm based on
the TEM measurement, as shown in Figure 4.1. Th8 MRs are composed of silver
nano particles, a dispersion agent coating on #ngcfes, and a solvent (n-tetradecane).

When the sintering temperature of around 208 maintained for 60 min, heat activates

and removes the dispersion agent from the surfatcdse particles and the connections

between particles initiate.

Figure 4.1 TEM image of silver nano particles

Figure 4.2 shows a SEM picture of surface morpiplof NPS film that has
been thermally treated at 230°C for 1 hr, which sntering condition recommended by
the manufacturer. Compared to Figure 4.1, the @ar8ize after thermal treatment is

more than ten times the initial particle size, vihilcdicates that sintering occurred.
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Figure 4.2 SEM image of NPS thermally treated &°23for 1 hr

4.2 Experimental Procedure
The adhesion experiments to identify and extragificant adhesion factors
follow the experimental procedure in Figure 4.3stione of the substrate materials is
selected and then the plausible adhesion factafs &8 substrate hardness, contact angle,
and surface roughness will be measured for thetrmibsnaterial. An adhesion factor can
be modified in order to examine the significancetled adhesion factor. For example,
Silane coupling agents can be mixed into NPS ink&he sintering temperature can be
changed. After cleaning using isoprophyl alcohalhesbasic sample surface preparation,
NPS inks will be deposited on the substrate andeldem the convection oven at the
appropriate temperature and time. Using the ASTpé tiest, the adhesion level will be
quickly assessed. Finally, adhesion strength wall rheasured quantitatively using a

newly developed adhesion test methods, which williscussed in detail in Chapter 5.
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Substrate Preparation

l

Measure / Change Adhesion Factors

l

NPS Deposition / Sintering

|

ASTM Tape Test

Quantitative Adhesion Strength Measurement

Figure 4.3 Experimental procedure

4.2.1 Thickness Control

In order to control NPS film thickness uniformlgrass all the samples used in
the experiments, one drop of NPS ink, which comwesg to 25.4 mg, will be put on the
substrate as in Figure 4.4, and it spreads unifpantoss the 50x50 mm area as in Figure
4.5. Eventually, the NPS film thickness after gimtg is about 2 um as shown in Figure

4.6.

Figure 4.4 One drop of NPS inks on substrates
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Figure 4.6 SEM image of NPS film thickness

4.22ASTM Tape Test

To determine how well the selected substratesradbeNPS, the generally used
tape test based on the ASTM standard (ASTM D 33594s performed by applying
and removing pressure-sensitive tape over cuts indtie sintered films. The tape test is
gualitative, that is it provides only a ‘yes or mi&cision, but it is simple and moreover it
provides rapid assessment of adhesion level. Theséoh level is classified into 6 levels
from OB (more than 65% area removed) to 5B (0%ewhaval area) according to the
standard as cited in Figure 4.7. Examples of thesion test results are also displayed in
Figure 4.7 by inspecting the grid area for remowedting from the substrate and rating

the adhesion. As a suitable tape for this purpBsepe is used in accordance with the
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standard. The tape is about 140um thickness amakitypical adhesion strength to steel

of 57 N/mm.

I —
PERCENT SURFAUE OF CROSSCUT ARKS FROSM WHICH

CLASSINIC ATION AREA FLAKING HAS OOCURRED FOR fI% FARALLEL CUTS
WEAOVED AND ATHIESION RANCE BY PERCENT
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1B 35.65%

0B | 650 — R

FIG. 1 Classification of Adheslon Test Results

Figure 4.7 Classifications of Adhesion Test Results
(ASTM D 3359-08)

4.2.3Test Materials
The substrate materials used in the adhesion iexg@ats can be classified by two
groups of organic and inorganic materials. Thedsgpproperties of the test materials

used are summarized in Table 4.1(Howatson 199108009, Rogers 2009). The
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organic materials include Kapton HN, Kapton KJ, L&, SS 415, and Teflon FEP and
their chemical structure is shown in Figure 4.8eTKapton HN is the widely used
thermosetting polyimide film supplied by Dupont. ifan KJ is a thermoplastic
polyimide film that can be used for an adhesivelessination. LCP 315 is a liquid
crystal material with melting point of 316G supplied from Rogers Corp. SS415 is a

thermoplastic material with a glass transition temapure (Tg) of 18TC. Teflon FEP is

also a thermoplastic polymer, but its low surfacergy property is very well known.

The inorganic materials include copper, copperdexialuminum, aluminum
oxide, and silicon nitride (Si3N4). Copper and alumm are the most used chip-pad
metals. Each metal has a natural oxide on eaclacrBare copper and aluminum
surfaces will be prepared by etching the surfaceleoayer from each metal using
chemical etching. Copper oxide (Cu20) is formedaopper surface when it is exposed
to oxygen although it takes extensive time. Thepeoxide thickness is known to be
about 23-247 nm (Zhang, 2004). The bare coppertrsuess prepared by removing the
copper oxide layer on the copper substrate usirfgp HCI mixed with DI water.
Aluminum oxidizes very quickly once it is exposeddir, forming a very stable native
aluminum oxide of 2-3 nm thickness (Trunov, 200).this study, aluminum oxide
(Al203) is removed by etching using 10% H3PO4 ar$09DI| water. Since the
aluminum will be re-oxidized once the chemicallghetd surface contacts air, a soft
solvent such as isoprophyl alcohol will cover theface and protect it from exposure to
air until NPS deposition. Last but not the leasican nitride was chosen because of its

popular use as a dielectric material.
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Table 4.1 Test materials

Thick
. . Tg Tm | UTS CTE
Category Material Supplier [Erens]s [C] 1'c] | (MPa] | [ppm/c]
Kapton HN Dupont 125 | 360-410 N/A | 231 20
Kapton KJ Dupont 50 220 N/A| 139 20
I 17(x,y)
* [»
Organic LCP 315 Rogers Corp. 50 190 315 20 150(2)
SS 415 Cookson 50 |180-185 N/A | N/A | 60
Electronics
Teflon FER Dupont 50 N/A 22?3% 21 N/A
McMaster Carr
Cu (Etched Cu) 625 N/A | 1084| 210 17
Cu20 (Native oxide on Cu) N/A| 1235N/A 17
Inorganic McMaster Carr
Al (Etched Al) 1250 N/A 660 45 23.1
Al203 Native oxide on Al N/A | 2072 260 23.1
Si3N4 SVM** 675 N/A | 1900, 375 3.3

*Relative Thermal Index (Mechanical) ** Silicon Wy Microelectronics, Inc.
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Figure 4.8 Chemical Structure of substrate material
(a) Kapton HN (b) Kapton KJ (c) LCP 315 (Vectra 89%d) Teflon FEP
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4.3 Experimental Results

4.3.1 Substrate Hardness
4.3.1.1 Organic substrates

As Table 4.2 shows, the adhesion level dependseosubstrate materials and the
sintering temperature. While SS415 has the straregtisesion at 182 sintering, all the
others have very weak adhesion to NPS at the sanmterisg conditions. At the
recommended sintering temperature of 3Kapton KJ, SS415, and LCP 315 show a
high adhesion level of 5B, but Kapton HN and Tefk#P do not stick very well to NPS.
These results can be related to the mechanicakprep such as the hardness of organic
substrates at the associated sintering temperature.

Table 4.2 Tape Test Results at various sinteringpezatures

Sintering Kapton | Teflon
Temperaturg Kapton KJ| SS415 | LCP 315 2P
o] HN FEP
174 0B 0B 0B 0B 0B
182 0B 2B 0B 0B
210 2B 0B 0B
0B 0B
0B 0B

The substrate hardness should be measured ahtbengy temperature of around
230Cbecause the NPS adhesion might be achieved atteogberature together with
NPS sintering. Obtaining a hardness measuremehight temperature is a challenge
because it requires a special heating tool anddog stable thermal drift. A hand-made

micro heater has been tried for use with NanoiretedP and Micro hardness tester, but
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problems arose with each.
In a Nanoindenter XP from MTS, there was a mastieemal drift due to the
large temperature difference between sample anthdlemter tip, shaft, and sensor when

the substrate was heated. The thermal drift wasta®@nm/s level even at 1@Q but

the machine requires a lower value of about 1nmfxder to obtain reliable data. It took
about 2 hrs, for the thermal drift to be stabilizz@n below 100nm/s at 100C.

A micro hardness tester requires thicker samgpiaa hano-indentation requires
because the larger indentation tip requires deigpentation and larger applied force. In
order to provide enough thickness of about 1.5gimdentation depth, the polymer films
had to be stacked with more than 10 layers. Wdigeitswas almost impossible to heat
all the stacked thin films uniformly and to maimainiform temperature during hardness
measurement. Also, the whole process of indentimya@oling down the substrate and
the indenter tip to room temperature must be coreglevithin the maximum cycle time
of 99 seconds of the machine, which is almost imjdes. If thinner samples are used,
then a lower load such as 1gf or 5gf has to be.udedever, in the case, it is also very
difficult to find and measure the indentation masikhin reasonable accuracy.

Therefore, the organic substrate hardness attbigperature is measured using a
hand-made indenter as shown in Figure 4.9. Thentedeip is made of tungsten carbide
and has an angle of 13Between two opposite edges as in Figure 4.9(bawimg the
tip geometry of the well-known Vickers hardnesd.t€he indenter assembly is put into a
convection oven set at high temperature as scheafigtshown in Figure 4.10(a). The
indenter can maintain the vertical standing ongpecimen due to the indenter support.
Since the indenter is not constrained by the supgotan also move downward as the

substrate softens at high temperature.
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(b)

Figure 4.9 Hand-made Indenter
(a) Indenter (b) Indenter tip geometry

Indenter
Support

500um <’ Specimen |

(@) (b)

Figure 4.10 Hardness measurements at high temperatu
(a) Schematic of high temperature indentation fdeghter Assembly

Hardness is not an intrinsic material propertyhsas elastic modulus or yield
strength; its value depends on the test methoceknied tip geometry, and indenter tip
material. The hardness number obtained from thiement may or may not be what is
required in the van der Waals adhesion model,lmrité¢lative change should be reflected
accurately. In this experiment, substrate hardregsslifferent temperatures will be
measured and the hardness effect on the NPS adhesan organic substrate will be

gualitatively examined. The substrate hardnessgeharnth temperature is similar to the
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elastic modulus change with temperature, whiclésviscoelastic behavior of polymers
with a glass transition temperature (Tg). In thespure sensitive adhesives, adhesion
increases greatly at temperatures slightly high@an the Tg of the polymer and decreases
at still higher temperatures. This phenomenon e kknown to be associated with a
balance between adhesion energy and viscoelagiig\efoss. In the adhesion between a
zirconia particle with 10.6 um diameter and a cilogsed polyester film, the temperature
change through Tg has a dramatic effect on théura@nergy due to the viscoelastic and
plastic deformation involved in the particle adloesand removal processes. Adhesion
increases as large as 3 orders in magnitude alb@v@d of polyester flms are most
likely explained by increases in the intimate cohtzaused by a decrease in the effective
modulus of the polymer and by energy dissipatiorinduparticle detachment (Toikka,
2001).
The hardness in this experiment is calculated ibididg the applied load by

surface area of indentation, following the genéfikers hardness measurement as in
Equation (4.1). Figure 4.11 shows the Vickers pydamdenter indentation mark and

Figure 4.12 displays some examples of indentation.

d,

| d,

Figure 4.11 Vickers Indentation
F
MeasuredHardnesfMPa] = 1.854d—; (4.1)

where [ is the indentation load in [N], d is the arithneetnean of the two diagonals, d

59



and @ in [um].
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Figure 4.12 Indentation examples
(a) Kapton KJ at RT (b) SS415 at I82c) Kapton HN at 21T (d) LCP 315 at 21T (e)
Kapton KJ at 23@ (f) Teflon FEP at 23T

As Table 4.3 and Figure 4.13 shows, the adheswvel lincreases as substrate
hardness decreases. It seems that there is ancleel of hardness, about 7MPa from
the hardness measurement, below which NPS adhlesieins 5B. The only exception is
Teflon FEP, which is well known to have low surfaseergy. The surface energy effect of

this material on the adhesion level will be evatdah the next section.
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Table 4.3 Organic substrate hardness and adhesieh |

Material Temperature Indentation Size Indentation load| Hardness | Adhesion
atenials [TC] [um] [af] [MPa] Level
25 76 62.1688 198 0B
Kapton 182 60 17.5688 90.5 0B
HN 210 68 17.5688 70.4 0B
230 76 17.5688 56.4 0B
25 63 31.5655 147.4 0B
Kapton 182 61 17.5688 87.5 0B
KJ 210 133 17.5688 184 2B
230 485 17.5688 14 5B
25 55 31.5655 194 0B
182 170 17.5688 11.3 2B
LCP 315 210 244 16.8078 5.5 5B
230 263 17.5688 4.7 5B
25 78 31.5655 96.2 0B
182 278 17.5688 4.2 5B
SSA4L5 210 1701 17.5688 0.1 5B
230 >1701 17.5688 <0.1 5B
Teflon 25 151 31.5655 25.6 0B
182 255 17.5688 5.0 0B
FEP 210 305 17.5688 3.5 0B
230 388 17.5688 2.2 0B
; bo
B E LCP315
Tape Test ¢ Kapton KJ
(B-scale) & Kapton HN
3
® SS415
+ Teflon FEP
2 o e
1
» iy Jay Oh B & O A

50

100

Hot Hardness [MPal
Figure 4.13 Effect of substrate hardness at diffietemperature on adhesion level
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4.3.1.2 Inorganic substrates

Since inorganic substrates are generally harden thrganic ones and thus,
require higher load in indentation, the hand-mamttenter is inapplicable to measure the
hardness of the inorganic substrate at high termyrera

Fortunately, the hardness values of inorganic nasehave been published, and
they are cited in this study as in Table 4.4 (Mura007). Also, the hardness at high
temperature, which is also called hot hardness,beas found to follow the general
relationship of Equation 4.2 and it is tabulatedhia Table 4.4 for each material. (Wang,
1999)

H=H_,exptS, x(T-T,)) (4.2)

where H is the hardness in MPa, T is temperatuf@ ,itdo is the hardness in MPa at T=

To=0C, and S is the softening coefficient of hardness in*10.

Table 4.4 Hardness of inorganic materials at NR&snhg temperature

Vickers Hardness Softening Coefficient of | Hot Hardness |Adhesion

Material Hardness @230C Level
(Ho, MPa) (Ss, 10-47C) (H, Mpa)
512 5B
Cu 680 12.3
545 (@18(C) 5B
Cu20 1600 *12.3 1206 0B
243 5B
Al 415 23.3
273 (@18(C) 5B
Al203 23000 7.85 19201 0B
Si3N4 19000 2.79 17819 0B

*assumed value

Using the tape test on the inorganic substratesvshthat hardness is a

significant factor for NPS adhesion to inorganibstuates, as shown in Figure 4.14.
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From this figure, there seems to be a certain levdtardness below which the NPS

adhesion level is 5B.

2000 —
0B
(19201 Mpa)
1800 + 0B
(17819 MPa)
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1400
g 0B
= 1200
%]
%]
g 1000
=
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T go0
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400 +
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200 n r
o ‘ . . . . ‘
Cu Cu (180C) Cu20 Al Al (180C) AI2O3 Si3N4

Figure 4.14 Effect of substrate hardness at diffietemperature on adhesion level

4.3.2 Surface Energy Change
The surface energy change between two solid naddeafter bonding can be
calculated using Equation 4.3 (Yao, 2000).
Ay =v1+Y2 ~ Y
=2 Y v s )

where Ay is surface energy changg, and y, are surface energies of material 1 and

(4.3)

2, respectively, before bonding;, is surface energy between material 1 and 2 after
bonding, LW means Lifshitz-van der Waals component, is Lewis-acid parameter of
surface free energy, and™ is Lewis-base parameter of surface free energy.

Once the surface energigs) ,y",andy”, for each material are found, the

surface energy change can be calculated.
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The Young and Dupre equation, which relates coratiagle and thermodynamic
work of adhesion,W,4,, between solid and liquid, is used for finding therface
energies, y." ,y:,andy_, of solid substrates as in Equation 4.4 (Yao, 2000

Wiq) =7. (1+cosh)

WY WL = 2075 Y s+ 7e)

(4.4)

where AB means Acid-Base component, is surface energy of liquid, and is
contact angle.

Since the three unknowng,',y:,andy_, need to be found, three liquids with

known surface energies, ,y.",y,,andy; are needed. In this study, water, glycerol,
and diiodomethane are used as the contact anglsuneeaent liquids, and their surface
energies are tabulated in Table 4.5 (Yao, 2000).

Table 4.5 Surface energies of three liquids [M])/m

Liquids a v ' i
Water 72.80 21.80 25.50 25.50
Glycerol 64.00 34.00 3.92 57.40
Diiodomethane 50.80 50.80 0.00 0.00

Thus, using the Young and Dupre equation, equdtiprthe surface energies of

substrates can be found from Equation (4.5).

Yo (140D ) = 2675 v +ya ¥4 + 75 vs)
Yo 1+ 00D ) = 275" &+ 75 v5 +475 15) (4.5)
Yo 1+ coD0e) = 2672 5" +1fv5 72 + 470 75)

where w is water, G glycerol, D diiodomethane, 8mblid substrate.

6 4



4.3.2.1 Contact Angle Measurement

The contact angle is measured using Goniometdr@agrsin Figure 4.15. Contact
angles of each single drop of liquid with subssaé&e measured and an average of 5
repetitions for each substrate is taken. The comtiagle on NPS film is made after the

NPS is sintered under the sintering conditions3ff@for 1 hr.

(a) Goniometer (b) liquid drop

Figure 4.15 Contact Angle measurement

4.3.2.2 Results and Discussion

Average contact angles on each substrate withe tidifferent liquids are
summarized in Table 4.6. The surface energy chémgeach substrate material after
bonding to NPS film is calculated by using Equat{drB). The detailed calculation for
surface energy change using contact angle measoresen Appendix C with an

example of Kapton KJ and NPS film.
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Table 4.6 Surface energy change and adhesion level

Contact Angle [meaho°]

Surface Energy

Materials ; Change Adlgsglion
water Glycerol | Diiodomethane [mean, mJ/ri
Kapton HN 70.5+4.6 67.3£3.7 25.9+2.9 88.7 0B
Kapton KJ 70.3%£5.3 59.8+3.5 28.7+1.3 89.0 5B
LCP 315 72.7+3.7 71.2+4.1 36.9+5.4 84.2 5B
SS 415 69.8+2.5 80.4+0.8 23.4+£2.7 90.2 5B
Teflon FEP 109.9+4.6 104.8+2.3 83.8+6.5 44.9 0B
Cu20 86.4+1.3 84.6+3.8 53.6%1.2 74.4 0B
Cu (etched) 81.7+4.3 70.445.5 48.9+1.4 78.9 5B
Al203 90.4+2.4 73.6x0.6 48.5+0.7 78.9 0B
Si3N4 85.3+1.8 76.0£1.0 56.4+0.7 73.8 0B
Ag (NPS) | 82.4+3.7| 69.5%3.9 36.73.1 84.4 5B

As the adhesion test results show in Figure 4llérger surface energy change

alone does not always guarantee higher adhesiam lkkapton HN/NPS adhesion. The

reason might be that NPS adhesion is associatdd swibstrate hardness as well and

Kapton HN has a large value of substrate hardnegsed\PS sintering temperature. On

the contrary, Teflon FEP showed very low adhesmMNPS despite its low hardness at

NPS sintering temperature. The low adhesion ofoheREP can be due to the relatively

small surface energy change, resulting in largeesioh distance, as we will discuss

further in a later section.
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Figure 4.16 Effect of surface energy change onsidhdevel

4.3.3 Chemical Bonding
4.3.3.1 Hydrogen Bonding

Surface interactions between particle and substratehydrogen bonding can
occur because many solid surfaces contain potdénttabgen bond donors and acceptors,
and hydrogen bond formation requires low activagmergy. In fact, the existence of
hydrogen bonds between spherical and flat fuse® Si@faces has been identified
(Peschel, 1970). Although the hydrogen bond isanstrong chemical bond, it may play
an important role in the particles’ adhesion tosttdte surfaces because it is about 5
times stronger than the van der Waals adhesionlif@aul960, Israelachvili, 1991).
Moreover, hydrogen bonds have a dominant effecthenadhesion of both SiO2 and
Al203 with hydrophilic silicon surfaces (Wu, 199%ince hydrogen bonds were found
in the SiO2-Si0O2 surface (Peschel, 1970) and A3} surface adhesion (Wu, 1999),

oxide substrates such as SiO2, Cu20, and Al20Bsed as test substrates in this study
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for identifying hydrogen bonding in NPS adhesioigue 4.17 represents a possible
interaction between hydrogen on SiO2 and oxygenditver nano particle surface.

Particle Surface

N
o)

|
Si

Substrate Surface

Figure 4.17 Hydrogen bonding model between nanticfasilver and substrates

The tape test results for oxide surfaces as ileTdly suggests that limited
hydrogen bonds were formed because of the low amhés/el between NPS and all the
oxide surfaces studied. The low adhesion mightdeabse when NPS is heated to 230
for 1 hr, the hydroxyl group, if any, may evapora&so, the silver oxide has been known
to decompose at around 210C, which is another Iplessason for the potential lack of

hydrogen bonds.
Table 4.7 Tape test results for oxide surfaceséBirg conditions: 230C, 1 hr)

Materials Adhesion level
Si02 0B
Al203 0B
02 Plasma-treated Al203 0B
Cu20 0B

4.3.3.2 Covalent & lonic Bonding (Silane Couplingeht)
A Silane coupling agent is used as a dispersiomtatgeprevent particles from
agglomerating. Although the mechanisms of actianraot fully understood, the silane

treatment clearly decreases the surface energiée abject (Mealey, 2006).
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It is also well known that the addition of silaneupling agent improves the
adhesion between metallic fillers and the polymeatrix in electrically conductive
adhesives (ECA). The dramatic improvement in cotidityz of ECA with the addition of
KH-570 silane coupling agent was due to the godtesidn between fillers and matrix
resulting from minimizing the fillerfiller and fér—matrix gaps (Tan, 2005). Also,
surface modification of Ag nanoparticles (diamef@nm) using silane-based coupling
agent, 3-aminopropyl triethoxysilane (SAPTES), maproved the Ag filler-epoxy resin
adhesion (Tee 2007). The 3APTES functions as a aulale bridge at the interface
between Ag filler and epoxy resin, resulting in ibieic and covalent bond formation of —

-Si-O-Ag and —Si...HN-C across the interface aswshim Figure 4.18.

AAANAANAC-C—-H Epoxy
|
_H_O___I_ _______________
NH
g JAPTES
H3CH,C - 0-Si— 0—(Ag
0 \
"JI\g:. Ag Filler

Figure 4.18 Amino-silane Bridge in Ag filler-epoxgsin adhesion
(Source: Tee, 2007)

To understand the influence of Silane on NPS adheshe nano particle silver
inks are mixed with 1wt% of silane coupling ageatsl the inks are deposited and
sintered on Kapton FPC, which showed OB adhesivel lith as-received NPS. The
silane coupling agents used in this experimentisted in Table 4.8 with each chemical

structure and boiling point.
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Table 4.8 Silane based coupling agent used irsthby

Silane Coupling Agent Molecular Structure  Molecufarmula
Epoxy % C11H2:,04Si
<o
(Ethyltrimethoxy silane) 2] J\OO
Amino OJ CgHngOgSi
0~
(Aminopropyltriethoxysilane) M0 g
Glycidoxypropyltrimethoxysilane Y CoH200sSi
W/\OM,SL .
(o] a
\
Trimethylsilylethanol CsH140Si
I
Vinylsilane - i
~ S|H3 C,HgSI

As Figure 4.19 shows, the Amino-silane couplingragallows NPS to adhere
strongly to Kapton FPC while vinyl-silane improvid®S adhesion up to the 4B level.
The as-received NPS may contain some silane caualients, but their initial effects are
negligible before adding Amino-silane coupling ageffhus, although the NPS adhesion
strength can be improved via covalent bonding usit&jlane coupling agent, any ionic
or covalent bonds between as-received NPS and KapRC (or any other organic
substrates) are negligible based on this study.afiesion level increase from 0B to 5B

in the ASTM tape test due to silane addition foptém HN substrate is shown in Figure

4.20.
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Figure 4.19 Tape test results for silane addition
(Sintering conditions: 230C, 1 hr)

(@) (b) ©
Figure 4.20 ASTM Tape test on NPS/Kapton HN adhre&d As-received NPS (0B)
(b) Amino-Silane addition (5B) (c) Vinyl-Silane atddn (4B)

4.3.4 Surface Roughness
4.3.4.1 Surface Roughness Measurement

The surface roughness that is taken in this meawnt is arithmetic average
roughness (Ra), as opposed to root-mean-squaragavé€Rq), which is defined as

Equation (4.6) in conjunction with Figure 4.21 (Kakjian, 2007).
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Y

Surface profile Center (datum) line

Figure 4.21 Surface profiles for surface roughmasasurement
(Source: Kalpakjian, 2007)

18 1]
Ra=ya+yb+)r/:+ +ynzﬁzyi:|_“y|dx (4.6)
i=a 0

Surface roughness of substrates before bondiNgPf®is measured using a Zygo
surface profiler as displayed in Figure 4.22. Thdage profiler has a resolution of less
than 1 nm in the surface roughness measuremensurfece roughness of 10 spots on a
substrate will be measured and their average vélltdken as the nominal surface
roughness of the substrate. Rough surface sulssteate prepared by mechanically
rubbing using 600P1200 SiC grinding paper, withtiplar size of 15.3-16 um, and then

by washing with isoprophyl alcohol.

Figure 4.22 Zygo Surface Profiler

Some examples of the surface roughness measuramedisplayed in Figure
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4.23 with each intensity map and oblique plot. As substrate surface is smooth, the

interferometer fringes look parallel and continuagsn Figure 4.23(a).

+1.49908

Mm

-0.37128

mm

mm

(b)
Figure 4.23 Examples of surface topography withqolel plot
(a) As-received Kapton KJ (Ra = 23nm) (b) Roughekapton HN (Ra = 350 nm)

4.3.4.2 Results and Discussion

The measured surface roughness values for as#eecand roughened substrates
are summarized in Table 4.9 and displayed in Figu2d with each adhesion level with
NPS film. As shown in Figure 4.24, the surface tags effect seems to be negligible
because the high adhesion materials such as LCRaBdXapton KJ still have high
adhesion levels regardless of substrate surfacghnass level. Likewise, the low
adhesion materials, Kapton HN and Al203, show #Hraeslow adhesion level even after
increasing surface roughness. The adhesion let€IB even after increasing the surface

roughness from 33nm to 366nm for Kapton HN are shimwFigure 4.25.
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Table 4.9 Surface roughness and adhesion level

Materials Surface Roughness Adhesion Level
[meanto nm]
As-received 337 0B
Kapton HN
Roughened 36688 0B
As-received 79+11 5B
LCP 315
Roughened 546+63 5B
As-received 27121 5B
Kapton KJ
Roughened 39729 5B
As-received 41+10 0B
Al203
Roughened 30643 0B

700 r

600 r

500 r

[nm]

400 +

300 -

200 +

100 +

Roughend HN
(0B)

|

Roughened KJ

(5B)

Roughened AIZ03

(0B)

LCP315
Kapton HN Kapton KJ Al203 (5B)
(0B) (5B) (0B) H

Roughened LCP315
(5B)

Substrate Materials

Figure 4.24 Surface roughness effects on NPS aathesi

74



(b)
Figure 4.25 ASTM Tape test on NPS/Kapton HN adimesio
(a) Ra=33nm (b) Ra=366nm

On the other hand, from the particle adhesiongeets/e, the surface roughness
effect on adhesion can be distinguished by thresescas in Figure 4.26. First, Figure
4.26(a) indicates an ideally smooth surface. A epakglass particle adhered to a fused
glass surface can be an example of the ideally #imaoface. When the substrate has a
roughness an order smaller than particle diameteén &igure 4.26(b), the true particle-
surface contact area can be smaller, and the athfsice will be accordingly reduced.
In the last case when the surface roughness isaatle with the particle dimensions, as
in Figure 4.26(c), an increase in adhesion foraexjgected due to the increased contact
area. However, all the measured surface roughmestslin Table 4.9 are an order of
magnitude larger than the particle dimension ofn® so that the surface roughness
change does not seem to be effective any moreefidrer surface roughness may not
have any significant effect on NPS adhesion to tsates from the particle adhesion

standpoint.

O Q..Q. oo
(b) (©

(@)

Figure 4.26 Surface roughness types associatedoaititle adhesion
(a) Ideally smooth surface (b) Smaller roughneas tharticle dimension (¢) Comparable
roughness with particle dimension
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4.3.5 Diffusion & Metallic Bonding

Depth profiling experiment using Auger Electrone8poscopy (AES) with
sputtering is one of the best ways to examine tfiestbn layer at the interface. In the
depth profiling, ion sputtering, which usually us&s gas, removes a thin layer of the
sample for a known time, thus making depth calaapossible. The residual surface is
then analyzed by AES, giving the depth distributairdifferent species in the sample.
Depth profiles are shown as Auger peak height pstter time or atomic concentration
(%) vs. sputter depth.

The depth profile of a NPS-Cu interface processdtie air is shown in Figure
4.27(a) as atomic concentration versus sputter aiccempanied with the corresponding
focused ion beam (FIB) etching cross-section sampleé.27(b). As they show, a
diffusion-like layer exists at the interface, asdabout the same thickness as the oxidized
layer. The oxidized layer identification becomesacer when it is compared with a NPS-
Cu interface processed in an inert gas (N2 and 2%eHvironment. As shown in Figure
4.28(a) and (b), the oxidized layer has disappeavhde a diffusion-like layer still exists.
Thus, in NPS adhesion, diffusion or other intedhceactions can occur between NPS

and metal interface.
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Figure 4.27 NPS-Cu interface processed in the air
(a) AES depth profile (b) FIB cross section sanfplata from NPS manufacturer)
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(b)
Figure 4.28 NPS-Cu interface processed in the N2H2%
(a) AES depth profile (b) FIB cross section sanfplata from NPS manufacturer)

4.4 Summary

NPS adhesion mechanisms are found to follow theergé particle adhesion
mechanisms in this study. In the organic substrezedPS adhesion test, the adhesion
level variations according to the sintering tempae are evidence of the particle
adhesion mechanisms. Each organic substrate nidtasia certain temperature at which
the substrate material gets softer just like asgtesnsition temperature (Tg) and NPS
forms a strong adhesion with the substrate. Thdness value, at which NPS sticks to
the substrate very well at the sintering tempeeatseems to correspond to about 7MPa

based on the Vickers hardness measurement inttioig s

78



The substrate hardness effect on the NPS adhesam also shown in
experiments using the inorganic substrates. Rergavia very hard oxide layers on the
metal substrates such as Cu and Al increases We¢ d¢ NPS adhesion to the metal
substrate as expected from the particle adhesiahaném.

The surface energy change calculated from theacbahgle measurement shows
some effects on the NPS adhesion because the lalndss but weak adhesion of Teflon
FEP at the sintering temperature can be explaipethd large adhesion distance due to
the small surface energy change.

Hydrogen bonds between silver nano particles anusteates are negligible
because all the oxide surfaces such as SiO2, AIZD30, and even O2 Plasma-treated
Al203 showed very weak adhesion levels. For theeasived NPS before adding Silane
coupling agents, ionic and/or covalent bonds betwakver and organic substrates are
ignorable.

The surface roughness effect is also negligibleabse the high adhesion
materials still have a high adhesion level andldiwe adhesion materials show the same
low adhesion level even after increases in theasarfoughness level. This result might
be in accordance with the particle adhesion meshamy which the surface roughness
will not be effective any more once the surfacegimess levels are beyond the particle
dimension.

Diffusion or other interfacial reaction between SNBnd copper seems to exist.
Regardless of the oxide layer between silver angpeg a diffusion-like layer was
always found at the interface of silver and coppssed on the AES analysis. This result
implies the possibility of diffusion or other intacial reactions between NPS and metal

substrates.
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CHAPTER 5

QUANTITATIVE ADHESION STRENGTH

MEASUREMENT

5.1 Conventional Adhesion Test Methods

Conventional adhesion test methods can be cladsifieo three categories
according to the measured quantities: Four-pointhey, Bulge and Blister test, and Peel
test such as T-Peel test and® el measure energy per unit area (J/m2), which is
equivalent to force per unit length (N/m). Pullttpsovides force per unit area (N/m2) as
a measured unit. Scratch test measures force (N).

It is well known that the relationship among théheglon strengths measured
from these different test methods is unclear (Mitt887). Also, it should be noted that
large scattering is an intrinsic problem in anyesibn test method (Akira, 1993). Large
variation of adhesion strength is observed evenamefully prepared samples. This is
attributed not only to measurement methods, but @mighe non-uniformity of adhesion
strength just as shown in the adhesion level 06dBB in the ASTM tape test. In spite of
the difficulty in evaluating adhesion, adhesion amtement or improvement techniques
have been developed based on the average adhgsiogtls value and are widely used in
a variety of industries.

A four-point bending test has been used to meaberenterfacial fracture energy
between aluminum and epoxy underfill material (Ya6p0). However, the four-point
bending test is not applicable to NPS adhesiomgtremeasurement because NPS film is
too thin (~2 um) to provide flexural rigidity togist bending. A Bulge and Blister test

uses test samples with a free-standing window erb#ttkside, which is fabricated using
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a photolithography and wet etching process. It esy\difficult to fabricate NPS test
samples for Bulge and Blister testing because 8 Bidhesion test needs a large number
of samples with different substrate materials tanexie various aspects of different
adhesion factors. Making that number of samplasgushotolithography and wet etching
is very time consuming, making it impractical ofisttresearch (Xiang, 2008). The
difficulty in sample manufacturing is also encouatkin a T-peel test sample. Since the
NPS film is too thin to separate and peel off &srdgular T-peel test (Yu, 2002), another
film has to be attached to the NPS film using atleezsnd to be peeled off. It is very hard
to control adhesive thickness uniformly throughthé width and length of the flexible
NPS-substrate specimen. The adhesive thicknesatigas cannot only result in the
significant scattering and contamination of tesuhes, but also present difficulty in
interpreting the test results. A9peel-test presents an additional challenge todhat
peel test: a special fixture moving the substrathi@ same rate of peel. A pull-off test is
not sufficiently repeatable because of the diftigwf achieving uni-axial tension loading.
An off-axis pulling force due to a tilted sampletorunbalance in machine gripping can
generate a bending moment at the interface, wieistilts in much lower fracture strength
than pure tensile strength and large scatteringrdowly (Kinbara 1993, Valli 1986). A
scratch test has been developed for measuringthigryfilm adhesion strength, but it is
hard to find an appropriate scratch tip for the NS thickness and substrate materials.
An additional challenge in the scratch test is ardly the very expensive test equipment
such as a nano-indenter and scanning electron seigpe (SEM), but also the difficulty
of interpreting the scratch test data (Valli 1986l 2006).

Therefore, a new test method for measuring NPS saihestrength was
developed. Since the final goal of the test metisotd examine the effects of adhesion

factors on the NPS adhesion strength and to makeossible to produce reliable
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electronics packages with NPS interconnects, quipképaring samples and measuring
adhesion strength is the most important factor & dwonsidered. While all the
conventional test methods aforementioned could dmal gvays to obtain data and they
might be useful as future work for an additionakleof data, a new adhesion test method
is necessary to make and test very large numbesaroples with high time efficiency.
The newly developed adhesion test method is cdalledModified Button Shear Test
(MBST) because it modifies the conventional butstear test (Sham 2003, Fan 2005)
and also integrates the generally known die stesar(8hi 1999). The MBST is used for
measuring the interfacial fracture energy of thimg including NPS interconnect

material.

5.2 Modified Button Shear Test (MBST)

In order to prepare a MBST sample as shown inrEigul, NPS film should be
first formed on a substrate. Then, a 5x1Cnsilicon die, which is already cleaned by
wiping with isopropyl alcohol, is attached to th@8lfilm using an epoxy adhesive. The
epoxy adhesive is used for making an adhesive muwtith a controlled diameter and
height. The adhesive button size is very importanthe MBST sample for analyzing
stresses at the fracture surface. To control theeside button height, spacers made of
polyimide tape were used. Two pieces of polyimagetare attached on the NPS film in
parallel with 8 mm spacing. Also, for controlliniget adhesive button diameter, one drop
of liquid epoxy adhesive was dispensed on the ceoitehe die surface under the
dispensing pressure of 40psi for 2.7 seconds. @&cbIPS film with spacers and the die
with an epoxy adhesive are ready, pick and flipdleeusing tweezers, and then put the
two edges of the die on the two spacers such #et edge length on the spacers is
around 1mm. In case of fabricating a large numbbasamples on the same substrate, the

distance between two dies should be also considsretat the shear tool can enter the
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space between two dies, and apply force to the sidltace of a die. To complete

fabricating adhesive button, the die and substaagembly, as shown in Figure 5.1(a),
needs to be cured at 150°C for 30 min. After cutirgepoxy adhesive and before MBST
testing, the spacers should be removed using ipgbatcohol, as shown in Figure 5.1(b),
because, otherwise, the friction between die edge spacers and the resulting
deformation of spacers during MBST testing couli@afthe test results by increasing
facture forces. The MBST is performed using a D&@@0 series die shear tester as in
Figure 5.1(c). The shear rate is selected as 1 nmtmminimize the effect of shear

speed on the test results. The shear height isenhas 10 um to exert the applied force

through the full side area of a die.

Die (S1)
Spacer Adhesive Spacer
U_ NPS Film
Substrate (Rigid)
(@)
10 mm .
- - Shear
0.6 || Die (S1) Tool
mm 2 mm <=
NPS Film Adhesive | | 0.2 mm
Substrate
(b)

Figure 5.1 Modified Button Shear Test (a) MBST skigefore removing spacers (b)
Test specimen configuration (c) Dage 4000 Die Shester
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5.2.1 L oading Conditions

In order to generate interfacial fracture undeffedtnt combinations of
interfacial tension and shear stresses, threeréiffdoading configurations are used in
this study. The test configuration in Figure 5.2&Jyenoted as Full Die Shear because
the full side area of a die is under pressure fiioenapplied force. By shifting half of the
side length of a die, 2.5mm, Mid Die Shear and eabje Shear are developed to be
tested as in Figure 5.2(b) and 5.2(c). The Large @MBST is used as an independent

verification of the MBST test methodology.

(@) (b) ()

Figure 5.2 Three different loading conditions foBSIT
(a) Full Die MBST (b) Mid Die MBST (c) Large Die MBI

5.2.2 Test Method Development

The overall sequence for finding the interfacralcture energy using the MBST
is shown in Figure 5.3. First, the MBST providescfure forces as outputs for each test
specimen. Then, adhesive height and diameter igu@\ysimeasured by a microscope X, y
& z scale, or an image processing technique camsbd to measure adhesive diameter.
Fracture force, adhesive diameter, and adhesivghhare the inputs to a FEM

simulation. The FEM simulation generates the awerpsile stress and the average
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shear stress at the fractured interface betweeNB&and the polymer substrates. These

average stresses are exploited for finding inteafdwond strength in tension (Z) using

the interfacial fracture criterion. The Z is didgatelated to the interfacial fracture energy

through Kendall's model, which will be discusseddetail in the next section. The

interfacial fracture energy varies depending on ghgsical, mechanical, and chemical

states of the interface as discussed. Thus, theTMi2® be repeated for each adhesion

factor that is varied, such as contact angle, sarfaughness, and chemical species. The

contribution of each adhesion factor to the intgdhafracture energy is expected to be

identified using the MBST, and the guidelines foproving the adhesion strength of the

NPS interconnect could be developed.

Modified Button Shear Test

(MBST)

Fracture Force

Adhesive Diameter
Adhesive Thickness

FEM Analysis

Critical Length, ro

v

Interfacial Fracture

E—:OJ:GdL E—:O‘Ebtdr

Z

Varying
Adhesion Factors

A
0

Interfacial Fracture
Energy

Criterion

Kendall’s Model

Figure 5.3 Flow Chart of Thin Film Interfacial Ftae Energy Measurement

5.2.3 FractureForce

The free body diagram of Full Die MBST shown imgiiie 5.4(a) suggests that

the stress components at the fracture surfacecanpased of shear stress due to shear

force (F) and normal stress due to bending momenj.(Whe NPS cohesive force JF
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needs to be analyzed. The NPS cohesive force viugpproximately the product of the
tensile strength of NPS and the cohesive fractuea.at is assumed that the tensile
strength of pure bulk silver of 170MPa (Howatsa®@91)(Howatson, G. et al. 1991) can
be used to estimate the maximum NPS cohesive fordbis study. The maximum
cohesive force is only 3.3% on an average of thal toacture force (ff for twenty
LCP315 samples based on the calculation in Equ#lidr). Thus, the cohesive fracture
force in NPS film can be concluded to be negligiioten a magnitude perspective. The
free body diagram of Mid Die and Large Die MBST d¢andrawn together as shown in
Figure 5.4(b) because they are only different endfstance from the center of the epoxy

button to that of the applied foreg, When & is equal to zero, it corresponds to the Full

Die MBST.
F;
Die (S1) N —
h Adhesive
NPS Film —» — k. P
"F, L :
Mv X
(@)
|
Die (Si T
ie (S1) N —
hI Adhesive M ~F xh
. Ry >
NS — o ' f
¢’E T aF xd
M, .
Til
(b)

Figure 5.4 Free body diagram of MBST (a) Full DiBS&T (b) Mid Die and Large Die
MBST (D: Adhesive diameter, h: Adhesive height)
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~ N (33%,06°%) (5.1)

where E is NPS cohesive force in N I5 total fracture force in Noyrs is ultimate

tensile strength in MPa4 is film thickness in um, and D is adhesive diamataim.

5.2.4 Button Dimensions

The fracture surface area after the MBST, as shioviagure 5.5, is measured by
the microscope X, y & z scale or the image proogskinction in Adobe Photoshop CS3.
The exposed area of LCP315 is contoured by a mimaeator as in Figure 5.5(c) and
the number of pixels within the contour is measurBoe counted number of pixels is
compared with a reference area, whose number efgig known at the same resolution
and magnification, and is then transformed into &énea of the fracture surface. For
example, the number of pixels within a contour 85,564, and the reference area is
7.91mnf at 307,200 pixels with 50x magnification, there fracture area is calculated to

be 3.49 mrf resulting in a diameter of 2.1mm.

. LCP315

(a) (b) c) (

Figure 5.5 Fracture Surface: (a) NPS detached ir6@315 substrate (b) LCP315
surface exposure after interfacial fracture
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5.25FEM Analysis
The finite element method (FEM) is used to model MBST and to find the

average tensile and shear stresses as shown iredi Inset is the cross-section view
of the real MBST specimen. The bottom surface efrtietal substrate is fixed and all 6
degrees of freedom are assigned to be zero. Akknaig are assumed to be elastic and
isotropic, and all material data are given in Tablé. The volume around the fracture
area has a finer mesh, and the region far away thententer has a coarse mesh. Stress
singularity takes place in the FEM analysis atithiersection of the interface and the free
edge. The tensile stress value at this positionifszgntly depends on mesh size. From a
convergence study, 132,503 nodes and 130,581 eleraem used in this analysis, as it

provides converging tensile stress value as shaviigure 5.7.

NPS Film

Adhesive NPS Film

Substrate

[ Cross-section of a MIBST specimen ]

Figure 5.6 FEM modeling for MBST
(Real mesh is much denser.)
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Figure 5.7 Convergence Study
Table 5.1 Data used in FEM calculations (Howatd®91)
. Young's - Nominal
Notation | Material m%tegsl Modulus P(:;ioons [Cr;]r/EC] Thickness
PETY | [GPay PP [um]
- : 2.6(CC)
Die S('l“gg)” ISE(')";‘rS;'CIC 130 0.28 |3.22(127C)| 675
P 3.8(327C)
. Elastic, 62(25C),
Adhesive| Epoxy isotropic 4.2 0.34 107(119C) 200
Thin | gjyer | ElaSUC | gq 0.37 19 2
Film isotropic
Elastic, 17(x, y)
LCP315 anisotropic 2.255 0.3 150 (2) 50
Kapton | Elastic, |, g 0.34 20 125
HN isotropic
Substrate Copper .EIaSt'Q’ 127 0.34 17 500
isotropic
Aluminum | Elastic. | 44 0.35 23.1 500
isotropic
siang | ElBstic, g9 | g7 3.3 2.5
isotropic
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5.2.6 Interfacial Fracture Criterion
The number of stress components that contributetéofacial fracture is only 3

as shown in Figure 5.8, while 6 components conteibto bulk material fracture.
Moreover, it should be noted that compressive nbrsti@ss does not contribute to
interfacial facture because it tends to close @adkus, a conventional bulk material
fracture criterion such as the Von Mises or thes@aecriterion cannot be used as an
interfacial fracture criterion. The interfacial étare criterion as in Equation (5.2), which
was originated in composite laminate fracture,gsduas the thin film interfacial fracture
criterion in this study (Yi, 2000, Kim 1984, Hun®493, Fan 2005). The interfacial tensile
bond strength, Z, is defined as the interfacial doatrength at which the interfacial
fracture occurs when it is under the pure tensiégling condition. The interfacial shear
bond strength, S, is also defined as the interdfdoad strength at which the interfacial
fracture occurs when it is under the pure sheadihgacondition. In this criterion, the
interfacial fracture initiates when the interfa@age index (F) is equal to or larger than

1.

EJ

X

F= (gj + gj >10 (5.2)
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where F is interface damage index, is average tensile stress and equ&lzs T is

average shear stress and equdlaza + 152 , Z is interfacial bond strength in tension, and

S is interfacial bond strength in shear.
Using this criterion, the Z and S values can hentbfrom two different loading
conditions that generate two different setscofand . The ¢ and r are calculated

from finite element stress analysis using Equattof).
E:ij"’cdr,E:ijr"rdr (5.3)
r, -o r, -°

where g is a critical length.

In order to take stress averaging, the criticagth, i, needs to be determined.
The critical length originates from the concepttttiee whole fracture area does not
contribute to the delamination initiation and grbwbut a certain area or length does, just
as a critical distance contributes to delaminatioa notched specimen. Thus, the critical
length can be defined as the length over whichirttegface must be critically stressed in
order to get a crack of sufficient size to initiadelamination (Sun, 1998). Many
researchers have studied the critical length aeg tetermined that 0.25mm from the

edge provides the best fit (Yi, 2000, Kim 1984, HL893, Fan 2005).

5.2.7 Kendall Model

Once the interfacial bond strength in tensile,iZfound from the interfacial
fracture criterion, the Z can be used for estingatime fracture force in the pull-off test
through Kendall model. Kendall developed an expoestr the pull-off force required
to detach a rigid cylinder bonded to a thin elasom coating on a stiff substrate
(Kendall, 1971). The total energy,rUin the system is composed of three terms, the

surface energy, &) the stored elastic energy,gUin the deformed material, and the
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potential energy, k) in the applied load. The {Ufor multiple coating is obtained by
adding the energy termsgtUp, for each layer, which results in Equation (5.Kdl,

1999);

2
U, =—7a’G, - Pt (5.4)

where P is normal force in N, ti is the thickne$sach elastomeric layer in um, Ga is
interfacial fracture energy at the fracture inteefan J, Kis the bulk modulus in MPa,
and a is contact radius in um.

Under the assumption of linear elastic fractureclmaaics, Griffith failure
criterion, Equation (5.5), can be applied to Equat{5.4), which results in Equation

(5.6).

>0 (5.5)

P=ra’ /2c3a/2:<—i (5.6)

where K is bulk modulus in MPa and equal8(1- 2v) .

The normal force P can be obtained using FEM aislpr the Kendall model
configuration as shown in Figure 5.9 by finding tioece that generates the average
tensile stress of Z at the fracture interface.rteoto find the normal force P, first apply
a unit load (1N) and calculate the average terssikss (4) under the unit load. Then, P
will be obtained by simply calculating the ratioZ£Z/ For example, for the button
dimension of D=1963um and h=224um, the averagdl¢esisess £ was calculated as
0.349MPa for NPS-LCP315 adhesion under the und Idd. From the interfacial tensile
bond strength of 48.5 MPa for the NPS-LCP315 adimedhe normal force P can be

obtained by the ratio of ZfA& 1N=48.5/0.349=139 N. Note that Z is very close

to P/za*, but is not exactly the same. When the normal efois calculated
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fromZxmwa®, the P will be485x 314x (1L.963/2)*2=146N . Finally, through the
Kendall model, the Z, thus P, is used to find titerfacial fracture energy, Ga, which is

the energy required to separate the two materaisidd.

P=7-ra*

I

Die (Rigid)

NPS Filin | Adhesive I

Substrate (Rigid)

(a) (b)
Figure 5.9 Kendall Model: (a) Kendall model configtion (b) FEM model

5.3 Results and Discussion

5.3.1 Stress Distributions

Figure 5.10 shows a representative normalized arecél tensile and shear
stress distribution of a Full Die MBST along thet line of LCP315 and NPS interface
from the edge. Mechanical force equilibrium canused to demonstrate in part that the
critical length of 0.25mm has been selected appatgly. From the free body diagram of
Figure 5.4(a), the relationship between the aveshgar stress:| and the fracture force
divided by fracture area should satisfy the foratabce in the x-direction as in Equation
(5.7). Considering that the cohesive fracture faregesponds to about 3.3% of fracture
force as discussed in section 5.2.3, the relatipnshEquation (5.7) can be developed.
Table 5.2 shows the statistics of the calculateztaye mechanical shear stres¥ ffom

FEM and the measured fracture force divided byttr@carea for twenty samples. The
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two values are very close to each other, whichlypas$sures that the critical length

0.25mm is appropriate.

25
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| I
=

4";
]
1.8
o N

&5 i

L4
o a4 g¥ oG a4 33 o8 o7 i3 3 feX:] 1.1
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Figure 5.10 Representative Mechanical Stress bigidns for Full Die Shear
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Table 5.2 Average Mechanical Shear Stress andufeaEobrce divided Fracture Area

Calculated Average | Measured Fracture Force dividgd
Mechanical Shear Stress by Fracture Areax 96.7%

Mean

[MPa] 20.3 215
Standard deviation

[MPa] 2.6 2.7

5.3.2 Thermal Residual Stress Distributions

In addition to mechanical stresses, thermally @eduresidual stresses due to
cooling down after sintering NPS and epoxy curing @lculated. Figure 5.10 shows the

residual stress distribution at the NPS-LCP315riate for 10x10 mimNPS film after

sintering and before epoxy curing. The temperatinange of -20% is applied in this

analysis because of the actual difference betw@&C2and room temperature (Z5.
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As shown, the central area, where the test spesiraem made from, has negligible
normal stress (<0.1 KPa) and shear stress (<0.]).MPa
However, the residual stresses generated aftexyeporing process are not

negligible. Figure 5.12 shows a representativedugdistress distribution at the fracture
interface between LCP315 and NPS. The magnitudeswhal stress and shear stress
within the critical length of 0.25mm from the edaed at the NPS-LCP315 interface are
about -3.8 MPa and 11.1 MPa, respectively, for gagicular case. It should be noted
that the residual normal stress is compressiveclwhiiggests that average normal stress

value will be larger unless the thermal residuadsstes are considered.

5.3.3 Fracturelnitiation L ocation

Among the three loading configurations, only thél fdie shear has a clear
fracture initiation location, which is the rightofit edge of the applied force location,
because the maximum tensile stress location cascwith the maximum shear stress
location at the fracture interface as shown in f@gb.13. However, for the other two
loading configurations, the maximum shear stresation is different from the maximum
tensile stress location as indicated in Figure 5ab#l 5.15. In these figures, all
compressive normal stress components were takerrasbecause compressive normal
stress does not contribute to interfacial fractiieding the fracture initiation location
for Mid Die and Large Die Shear configuration ic@gsary in order to take an average
stress within the critical length of 0.25mm fromcleafracture initiation location.
According to the interfacial fracture criteriongtfracture initiation location depends on
Z and S, which are unknown at present, but nohatmaximum tensile or shear stress

location. This means that the relative magnitudevben & and r does not determine

where fracture is likely to initiate.
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Figure 5.16(a) describes the sequence for finthegfracture initiation location.
First, take the average tensile and shear stregsas angle of Daccording to the angle
convention in the Figure 5.16(b). Then, calculaggand $° in conjunction with the data
from the Full Die Shear test, in which the fractumgiation location is known. Take the
average tensile and shear stresses at all angles Gt to 90 and calculate interface
damage index usingsZand $° for all angles. Then, repeat this procedure td #f and
S° for all angles from Oto 9¢°. The angle where the maximum value of F is gerdrat
will be the fracture initiation location. Repeatitigs sequence for all other samples will

provide each fracture initiation angle.
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Figure 5.16 Procedure for finding fracture initiettilocation for Mid and Large Die
Configuration (a) Flow Chart (b) Angle Convention

The comparison of S and Z between three diffesgles as summarized in

Table 5.3 shows that there is no significant dédfere in S and Z between the three
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different locations. For consistency, the averaggleawhere fracture is likely to initiate

for Mid Die (3() and Large Die (72 will be taken in this study.

Table 5.3 Comparison of S and Z from different asMPa]

Die Shear o r
Angle Configuration S z

Full Die 38.7 30.1

o° Mid Die 20.0 41.8 45.4 51.4
Large Die 5.6 45.1
Full Die 38.7 30.1

Each Max. Angle Mid Die 17.4 45.3 48.7 47.4
Large Die 0.5 48.7
Full Die 38.7 30.1

Avg. Max. Angle Mid Die (30 17.7 45.0 48.4 48.1
Large Die (72) 0.0 48.4

5.3.4 Interfacial Bond Strength

Table 5.4 shows the calculated average tensileshpdr stresses for the three
different loading conditions. By plotting theseesises on the average tensile-shear stress
graph as shown in Figure 5.17, the interfacial bstneingth in tension and in shear can be
found. The interfacial bond strengths in tensioh ¢dd in shear (S) for LCP and NPS
adhesion interface are 48.5 MPa and 48.4 MPa, cagely. It should be noted that the Z
in this plot is the mean interfacial bond strengthtension, £, which means the
interfacial bond strength in tension at which 50samples will be fractured. The two
outer lines in Figure 5.17 form an interfacial ttae band that covers 95% of the
samples. It should be emphasized that Z and Shaaderistic interfacial properties,

and thus, are independent of specimen geometry.
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Table 5.4 Average Tensile and Shear Stresses andstandard deviations [MPa]

Full Die MBST Mid Die MBST | Large Die MBST
o T c T o T
Average 38.7 30.1 17.7 45.Q 0.0 48.4
Standard deviation 4.9 2.1 2.5 2.8 0.4 4.b
70 T T T T T T
+ Full Die Shear

__60- + Mid Die Shear :
& * Large Die Shear
=.50; |
w e Sea -
7] v
i o, * 3
& 40 ey -
§ \\“»\ .
= 30+ o oo & 1
@ . Z=485MPa
S 20 N (LCP315-NPS) |
<

10_ "\\ -

{ .
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Average Tensile Stress [MPa]
Figure 5.17 Average tensile - shear stress plot@®315-NPS adhesion

5.3.5 Adhesion Strengthsfor test materials

Using the MBST, the interfacial bond strengths tamsion for all the test
materials are measured and summarized in Tablesatd55.6. Among the organic
materials, Kapton KJ, SS 415, and Teflon FEP ateénutuded because their fracture did
not take place at the interface between NPS anstrstie. Kapton KJ and SS 415 showed
their fracture modes at the interface of epoxy atleeand NPS film. The Teflon FEP
specimen for adhesion strength measurement usin§TM&as not available because the

NPS film was not formed on the Teflon FEP surfdgee to the low surface energy of
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Teflon FEP, NPS does not spread well on the surfasalting in NPS islands rather than

NPS film as shown in Figure 5.18.

Figure 5.18 NPS islands on Teflon FEP

In these tables, the measured values are repeelsdry mean * standard
deviation (mean ), which corresponds to 68.3% @lconfidence interval. Since the Z
and S are derived quantities from the measuredsswralues for Full Die and Mid Die
test conditions, the uncertainties of these quastiire needed to be computed. For the
calculation of the uncertaintypg, of the quantity g, which is a function of n meeasl

qguantities x g=f(xq, X2, Xs,...,Xn), @ widely used approach as in Equation (5.8sexu

2
0 (of
Ag =\/Zl“[a—)§mq} (5.8)

of
where & is the partial derivative of function f with regpeto x and Ax; is the

uncertainty in the measured quantity x
From the interfacial fracture criterion, Equati@n?), two different sets of tensile

and shear stresses from two different loading ¢andi should satisfy Equation (5.9).
— \2 — \2 — 2 — 2
AES) I L O N - e iy | (5.9)
z S z S
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where i, 7 are the average tensile and shear stress of padamdition i,
respectively.

The interfacial tensile bond stress and the iatéaf shear bond strength can be
written as a function of the average stress commusras Equation (5.10).

—2—2 —2—2 —2
2

0172 —0271 (513

—— & Z=

(5.10)

S’ -n
Thus, the uncertainties in the S and Z can benddfas Equation (5.11) with a
68.3% confidence level. The partial derivativesEiquation (5.11) are calculated using
Matlab, and they are summarized in Appendix B.tAd calculations in Equation (5.11)

were performed using Matlab.
2 2 2 2
AS= (a_s Aaj +(a—_SA;1) +( oS Agz) +(a—_SA;2j
0o1 oT1 00 2 072
2 2 2
AZ = (a_z Aglj +(£A§1) +(%ASJ
001 071 0S

Table 5.5 Interfacial adhesion strengths (meai) tbr organic substrate materials

(5.11)

Die — - Fracture
Substrates Configuration o g S z Mode
Kapton Full Die 14.2+2.3| 4.0+1.6
HN Mid Die 4.4+1.0 9.0+2.6| 9.3+2.8 | 15.7+3.1| Interface
Full Die 38.7+4.4| 30.1+3.9
LCP 315
Mid Die 17.7+2.2| 45.0+4.0| 48.1+4.9| 48.5+8.4| Interface
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Table 5.6 Interfacial adhesion strengths (meai tbr inorganic substrate materials

Die — - Fracture
Substrates Configuration o T S z Mode
Full Die 10.0+3.1| 5.6+2.5
Cu20 11.1+4.3 | 11.6+4.4 | Interface
Mid Die 3.8+1.7 | 10.5+3.8
Full Die 0.6+2.3| 4.9+2.4
Al203 18.8+5.5| 9.9+2.5 Interface
Mid Die 5.541.9 | 15.6+3.4
Full Die 0.8+2.8| 4.7+2.6
Si3N4 16.5+4.7 | 10.2+3.1 | Interface
Mid Die 5.4+1.8 | 14.0+3.0
Full Die 54.3+9.4| 30.8+5.1
(etzrl‘ed) 66.3+8.3 | 61.3+11.6| Interface
Mid Die 22.0+3.0| 61.9+7.1
(etched) Full Die 67.5+9.0| 36.5+6.5
cu Mid Die 50.043.7| 83.529.7 91.0+11.4| 73.7+10.7| Epoxy/NPS
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The fracture modes of NPS-substrates fractureirarestigated using energy
dispersive X-ray spectroscopy (EDX). MBST fractseamples were prepared, and they
were air brushed before entering into the EDX chamtb remove any debris or dusts on
the fracture surfaces of both NPS and substratssithe accelerating voltage of 10kV
was used to take EDX data from the top surfaceitioimvabout 1 um depth although this
scanning depth varies with the materials tested.tk® samples with severe surface
charging, carbon coating using carbon coater was.uShe carbon coating in sample
preparation should not affect the EDX analysiscadon was excluded in the chemical

composition analysis. The EDX test results for tinee mode analysis are summarized in

Table 5.7.
Table 5.7 Fracture mode analysis
Substrate | Fracture Mode EDX Analysis
(2)

Kapton HN | Mostly
(15.7 MPa) | NPS/HN
interface

Full Scale 338 cte Curgor: 0.000 ke ke

Ag: 89.7wt%, O: 10.3wt% (NPS side)

1 2 3 4
Full Scale 338 cts Cursor: 0.000 ke ke

O: 87.6wt%, Ag: 12.4wt% (Substrate side)
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LCP 315 NPS/LCP315
(48.5 MPa) | interface
Ag: 100wt% (NPS side) |
0:100wt% (Substrate side) |
Cu20 Mostly e :
(8.9) NPS/Cu
Interface

Ag

: 67.4wt%, Cu: 19.5wt%, O: 11.3wt% (NPS side)

Elrkan magu |

Full Scale 338 cte Curgor: 0.000 ke

Cu: 100wt% (Substrate side)
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Al203 Mostly
(9.9 MPa) NPS/AI
interface
Ag: 91.9wt%, O: 8.1wt% (NPS side)
Al: 83.7wt%, O: 8.8wt%, AQ: 7.6Wt% (Substrate side
Etched Al NPS/AI
(61.3 MPa) | interface

Full Scale 338 cts Cursor: 0.000 ket ke

e)

1 2 3 4 3
Ul Scale 338 ofs Cursor: 0.000 ket

Al: 100wt% (Substrate side)
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Si3N4 NPS/Si3N4
(10.2 MPa) | interface

Full Scale 197 cts Cursor: 7.279 ke (2cts) ke

Ag: 100wt% (NPS side)

i 2
Full Scale 197 cts Cursor: 7.279 ke (2 cts) k|

Si: 70wt%, N:30wt% (Substrate side)

5.3.6 Interfacial Fracture Energy
The interfacial fracture energy of NPS/LCP315 rifatee can now be estimated

based on the MBST test results. From Equation (@) interfacial fracture energy can
be written as in Equation (5.12) by assuming Pfra® from Figure 5.9(a). The relative

error introduced by this assumption is about 5.08eld on the calculation in section

5.2.7.
1 t,
G, ~=2%) - 5.12
@i (5.12)

where K is bulk modulus and equal3(1- 2v) .

Using the measured interfacial tensile bond stierigy and the thickness and the
bulk modulus of each materials used in MBST, therfacial fracture energy of NPS and
LCP315 interface can be calculated as summariz8dhlre 5.8. In this calculation, the

approach in computing the error propagation was#émee as that in section 5.3.5.
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Table 5.8 Interfacial Fracture Energy of NPS/LCPBitérface

Materials | E [Mpa] % K [MPa] t [lum] t/K [um/MPa]
Die 130000 0.28 98485 675.00 0.007
NPS 83000 0.37 106410 2.0 0.000

Epoxy 4200 0.34 4375 224+22  0.051+0.005

LCP315 2255 0.30 1879 50.0 0.027

t
2 | 0.085:0.005
Z [MPa] 48.5+8.4| Ga [J/fM 99.8+35.1

The interfacial fracture energy, Ga, 99.8+35.1%)/of NPS and LCP315
interface is comparable to those of other adhesitgrfaces. The interfacial fracture
energy of a very smooth {R 0.05um) aluminum/epoxy interface was measureti2as
Jint by Yao (2000). Gent (1990) measured the interfaftiture energy of natural
rubber molded in contact with a smooth aluminumepknd obtained a value of 35 3/m
Lee (2003) found that the interfacial fracture giyesf EMC/Cu leadframe interface after
oxidizing the copper surface was 80 ~ 100%)/ifu (2002) measured the interfacial
fracture energy of Cu/Cr/Kapton H Polyimide systafter using Af based RF plasma
pretreated Polyimide to be almost 500%/m

Likewise, the interfacial fracture energy betwd¢RS and all other substrate
materials can be calculated, and they are tabulat@dbles 5.9-13. In these tables, Die
and NPS data are omitted, but they are includetarcalculation by assuming that they

are the same as those in Table 5.8.

Table 5.9 Interfacial Fracture Energy of NPS/Kagt interface

Materials E [Mpa] % K [MPa] t [um] t/K [um/MPa]
Epoxy 4200 0.34 4375 243+2f  0.056+0.006
Kapton HN 2800 0.34 2917 125 0.043
t
2 | 0.105£0.006
Z [MPa] 15.7+3.1| Ga[J/fh 13.0+5.16
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Table 5.10 Interfacial Fracture Energy of NPS/Alnom interface

Materials E [Mpa] % K [MPa] t [um] t/K [um/MPa]
Epoxy 4200 0.34 4375 222+18  0.051+0.00
Aluminum 70000 0.35 77778 500 0.006
t.
2 | 0.058:0.003
Z [MPa] 61.3+11.6] Ga [J/nd] 109.0+41.6

Table 5.11 Interfacial Fracture Energy of NPS/Al20@rface

Materials E [Mpa] % K [MPa] t [um] t/K [um/MPa]
Epoxy 4200 0.34 4375 224422  0.051+0.00
Al203 *70000 0.35 77778 *500 0.006

t.
2 | 0.065:0.003
Z [MPa] 9.9+25 | GalJ/A 3.2+1.6

*assumed to be the same as that of aluminum dtreeteery thin layer of about 4nm

Table 5.12 Interfacial Fracture Energy of NPS/Cu2@rface

Materials E [Mpa] % K [MPa] t [um] t/K [um/MPa]
Epoxy 4200 0.34 4375 23017  0.053+0.004
Cu20 *127000| 0.34 132292 *500 0.004

t.
2 | 0.063:0.004
Z [MPa] 11.6+4.4| Ga [J/fh 4.2+3.2

*assumed to be the same as that of copper due tihithlayer

Table 5.13 Interfacial Fracture Energy of NPS/Si3iNérface

Materials E [Mpa] % K [MPa] t [lum] t/K [um/MPa]
Epoxy 4200 0.34 4375 222421 0.051+0.005
Si3N4 310000 0.27 322917 675 0.002

t
2 | 0.0600.005
Z [MPa] 10.2+3.1| Ga[J/fd 3.1+1.9
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CHAPTER 6

ADHESION PREDICTION MODEL

6.1 Particle Adhesion M odel

As mentioned in chapter 3, the adhesion of namedsparticles is dominated by
van der Waals forces. The van der Waals forces tefforces between molecules having
dipoles caused by the spontaneous polarizationthefatoms and molecules in the
material. This also includes induced instantanabpsles. The nonpolar van der Waals
forces are also referred to as London dispersiacefo since London dealt with
spontaneous polarizations as the cause of opig@adision (London, 1930).

The spontaneous polarization mechanism can baieepl by quantum theory. In
guantum theory, the electrons of an electricallytreg solid do not occupy fixed states of
a sharply defined minimum energy, but vary quickiyh time, generating electric and
magnetic polarizations (Krupp, 1967). As atoms aradecules are polarized, solids can
bear local electric fields even at absolute zengperature. Above zero degrees, thermal
excitations of the atoms and molecules can makéiadal contributions to the electric
fields.

There are many particle adhesion models, includiKéR model (Johnson-
Kendall-Roberts, 1971), DMT model (Deryaguin-Muiesporov, 1975), MB model
(Maugis and Barquins, 1978), Dahneke Model (Dahn&®&2), MP model (Maugis and
Pollock, 1984), Hiestand model (Hiestand, 1999)] &wupp model (Krupp, 1967).
These models can be divided by two groups, thatasjness and elastic modulus model
and hardness model. In this section, these paridhesion models will be introduced

and examined to find the most appropriate mod&lRS adhesion model.
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6.1.1 Hardness & Elastic M odulus M odel

Johnson, Kendall, and Roberts (JKR, 1971) deriliecathesion force required to
pull apart two adhering spheres as Equation (fnlfhe derivation, it was assumed that
that the two spheres in contact are perfectly ielagth radius R1 and R2, their surfaces
are smooth, and all surface interactions occur wtlyin the region of contact.

Fir = g”R*AY (6.1)

where Ayis the surface energy change amdis the harmonic mean radius of the
spheres, which is equal t&,R,/(R; +R,).

Deryaguin, Muller, and Toporov (DMT, 1975) caldeld the adhesion force of
an elastic sphere adhered to a rigid plane sutfga®nsidering that the major part of the
adhesion force is due to surface forces outsidedtp@n of contact. The force needed to
detach the sphere from the surface consideringra pontact only is equal to Equation
(6.2).

Four = 21 R Ay (6.2)

Assuming that particles are comparatively hardtlst they can deform the
opposite surface at the contact point under anreadtédoad, Podczeck (1995) calculated
the adhesion force between the particle and théacbsurface. By defining indentation
hardness, H, of the surface as Equation (6.3hanemonic mean radius as Equation (6.4),
and the reduced elastic modulus at the contact psikquation (6.5), the adhesion force

can be calculated as Equation (6.6).

H = Fun (6.3)
na’
* —=1/2
_4E FVd:ﬁz 6.4)
3(x H)
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1 1- v? N 1-v3
E E, E,

(6.5)

where E; and E, are the elastic modulus ang andv, are the poisson’s ratio of the

spheres.

E

particle =

(6.6)

where T'=1.128 (JKR model), and T'=1.505 (DMT maqdel

Maugis and Pollock (1984) extended the JKR moddldescribed the adhesion
force during separation between a particle and réac@ using a fracture mechanics
approach. They also described the separation meschdry three modes of adherence as
ductile rupture, brittle separation at a contacliua formed applying an external load,
and brittle separation at a contact radius smdflan that formed applying an external

load. The MP model can be written as Equation (6.7)

* 12

E
Fue = 064Ay BYER vaw (6.7)

3/2

Maugis and Barquins (1971) also suggested thatotite necessary to pull two
viscoelastic spheres apart is equal to Equatid),(8hich is equivalent to JKR model

and DMT model except the coefficient of the equatio

* /2

EF

3/2

Hiestand Model (1999), Equation (6.9), describ@sese to sphere contact with

viscoelastic deformation assuming that the two sgghare identical materials.

E*

_ 0

iestand *
t

E" (2hd)"?

H 3/2

F, 1.128\y (6.9)

6.1.2 Hardness M odedl

While the previous models are dependent of bo¢hréduced elastic modulus
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and the substrate hardness, the Krupp model (Kri@p7) reflects solely the substrate
hardness effect as in Equation (6.10), which wapaered later by Bowling (Bowling,
1985).

h
S h ) (6.10)

(o] [o]

=12.8x10" LZ (1+6.4x10°
ndz

F

Krupp

where h is the van der Waals constant in eV, dhesparticle diameter in um, s the
adhesion distance iA .

In order to find an appropriate model for NPS ailtre model, Dynamic
Mechanical Analysis (DMA) has been performed beealastic modulus is expected to
change as temperature changes just as hardnesgeshdfigure 6.1 shows how the
elastic modulus changes as temperature increases2§0C from DMA, and Table 6.1
summarizes the elastic modulus of each materiarbeednd after Tg. Since the Tg of

Kapton HN is above 260, the elastic modulus of Kapton HN was not meadarab

1.0E+04
g 10E+03 LTS T
[MPa]
1.0E+02
\
\
1.0E+01 \
| VALY
1.0E+00 H ~— Kapton KJ | \
1.0E-01 55415 T
E —— Kapton HN i
1.0E-02 H
- -+—LCP 315
10E-03 LITTTTTTITITIITT]

20 40 60 80 100 120 140 160 180 200 220 240 260
Temperature ['C]

Figure 6.1 Dynamic Mechanical Analysis (DMA) data
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Table 6.1 Summary of DMA data

Material *Tg[C] E[GPa] < Tg E[GPa] > Tg
Kapton KJ 220 2.0-2.9 ~0.0001

SS 415 180-185 1.8-2.4 ~0.00005
Kapton HN 360-410 1.5-2.8 N/A

LCP315 **190 0.1-2.4 ~0.00004

*From manufacturer’s data **Relative Thermal Ind@d4echanical)

Table 6.2 shows that ASTM tape test results aresistent with the hardness-
only model as the adhesion level increases as éssddecreases independent of the
change in elastic modulus. Thus, it can be conduidem this experiment that the
hardness-only dependent model is appropriate as adlA8sion model. As a hardness-

only model, Krupp model will be further examinedtine next section as a NPS adhesion

model.
Table 6.2 Particle force dependence on elastic lasdind hardness
H @230C | E @230C E° 1 |Tape
-f \ v B | B | B |
[Mpa] [Mpa] H H Test
Kapton HN | 56.4 16182 |034|1788 | F@a2) N F@©.2) [/ oB |
LCP 315 6.3 38.1 03| 42 | F26 || F16) SB{,
Kapton KT 1.4 0.1 03| 01 F(0.1) F(7.1) 5B
SS415 <0.1 <005 |034| 01 | F(1.8) w| F(100)\/| 5B
NP3 484 *07 GPa | 037 - - - -

*Estimated from Hot hardness equation, EquatioR)(4.

6.2 Krupp Model
In the Krupp model, the omnipresent van der Waalsels are assumed to be
additive for assemblies of atoms and molecules @d be used for calculating the
attraction between larger bodies as an integratiar all pairs of atoms and molecules.

The resulting equation for the van der Waals fasogritten as Equation 6.11.
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=3.2x107"° hz—? IN] (6.11)

(o]

E

vdw

where h is the van der Waals constant in eV, dhésparticle diameter in um, s the
adhesion distance iA .

The van der Waals constant, h, depends on theraterials to be joined,;land
h,, and is calculated by the geometric mean of indial values (Visser, 1995) as

Equation (6.12).

h=+/h2+h? (6.12)

Where h is the van der Waals constant, ayeh h are the van der Waals constants for
material 1 and 2, respectively.

As mentioned before, the van der Waals force ngel&nough for particles or
surfaces to be deformed. From a 1um diameter pasith a van der Waals constant of
0.6 eV to a 100 um diameter particle with a cortstdir®.0 eV, the van der Waals force
per unit area can range from about 20MPa to 300MPase tremendous pressures
deform the substrates and increase the contact aheeh enhances the van der Waals
force.

The additional van der Waals force due to defoionais a function of the

increased contact area caused by the deformatwrsaiven by Equation (6.13)

F

vdw deform

2
_ 6.4x10%° hz—f IN] (6.13)

where g is the radius of the adhesive contact area in um.

In the NPS adhesion study, any capillary forcesex@uded, assuming that all
liquids are evaporated at the sintering temperaitiB30C. Also, silver nano particles are
assumed to be comparatively hard, so they can mefoe opposite surface at the contact

point (Zimon, 1982, Podczeck, 1996).
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Therefore, the total adhesion force due to the @an Waals force and the
additional van der Waals force caused by deformatan be written as in Equation
(6.14).

=

total vdw

-F

vdw

+F

vdw deform

(6.14)

In addition to the bond formation due to the van Waals forces, there can be
additional interfacial reactions during the NPSesiimg process at 230. These include

sintering effects, diffusive mixing, mutual dissotuin and alloying at the interface.

Although their concepts are not strictly separatbdse effects are believed to contribute
to interface formation and growth. While these tems are specified separately
according to the usual nomenclature, the actuatlban the interfaces formed by these
interactions are the same as those of the van datsVibrce (Krupp, 1967).

Among the additional interfacial reactions, simgrbetween two solid materials
is a growth of their adhesive area at a temperathoait 25% above the lowest melting
temperature of the reactants. The sintering meshaniare reported to be very
complicated, and include grain boundary diffusitmuk diffusion, surface diffusion,
evaporation, and condensation, which are simultasigoinvolved. More details on
sintering can be found in chapter 3. Diffusive mgiof solid polymer materials have
been investigated under elevated temperatures @eaas conditions (Voyutskii, 1963),
but it was assumed to be negligible for metal-p@yedhesion as explained in chapter 3.
Mutual dissolution of atoms of one metal in theface layers of the other metal can
occur at the interface between two metals when #reyheld at an elevated activation
temperature. Depending on the two adherent mateatiby formation may occur at such

temperature.
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However, these interfacial reactions are, for nex¢luded in the NPS adhesion
prediction model, which is solely based on theipl@tadhesion analysis and associated

van der Waals force.

6.3 Modd Fitting
Particle adhesion strength based on the partdiesaon theory is obtained by
dividing the total van der Waals force by the pectign area of the particle as in Equation

(6.15), resulting in Equation (6.16).

FO& vaw 4
O particle adhesion — t tA W = Ftotoal vdw W (615)
where A is the projection area of the particle.
hd ha’, 4
15 15 0
Gparticleadhesion: (32X 10 Z—g +6.4x10 Z—g W (616)

The particle adhesion strength model includes dfiect of van der Waals
constant (h), adhesion distancg),(particle size (d), and radius of contact area (as
schematically described in Figure 6.2, the adhesorgact area radiusjas related to

the indentation hardness of the substrate.

Particle

a

8]

Substrate

Figure 6.2 Radius of contact area

In particle adhesion, the hardness can be defasedquation (6.17) because

hardness refers to the substrate resistance tamtamicen due to van der Waals force
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(Podczeck, 1996).

H — Ftotal vdw (617)

na’

As mentioned in Chapter 4, hardness value depandie test method, indenter
tip geometry, and indentation tip material. Thisame that the hardness values obtained
from the method described in Chapter 4 may nedxbtadjusted to obtain the value that
is required in the particle adhesion model usingdEign (6.18).

H=C,xH (6.18)

measured

where G is the adjusting constant, artd ...,..4S the measured substrate hardness in Pa

by Vickers-like hardness test described in secti@nl.

Physically, when gis larger than 1, the required hardness (H) caadmeved
using a narrower indentation tip, and vice versas@éhematically shown in Figure 6.3.
However, if narrower tip needs to be used, regyltingreater indentation depth, a thicker

specimen has to be prepared, which is very diffimrlpolymer film substrates.

arrow ti
Wide tip

Substrate Substrate

Figure 6.3 Tip geometry dependency of Hardnessevalu
In this study, another constraint will be assignedhe hardness adjustment.
Since the driving force for indentation is the mi& attraction force due to van der Waals
force, not any external pressure, the radius ofamins assumed not to be larger than the

particle radius as illustrated in Figure 6.4.
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Particle

d/2I_aJ

Figure 6.4 Maximum radius of contact area due toder Waals force

Substrate

Thus, all the measured hardness values will besget] not only by constraining
the maximum radius of contact area to values bétmnasilver nano particle radius, 4nm,
but also by scaling down proportionally to the rieggdh hardness numbers in the adhesion
model. Although the particle size distribution casult in a variation of the particle
adhesion strength, the fracture area, over whidiesidn strength is measured using
MBST, will be large enough to take the adhesiorrgjth based on the average particle

size.

By substitutinga® in Equation (6.17) with Equation (6.16),

s hd 15 NP vy 4
Gparticle adhesion — (32X 10 o 2 + 64X 10 1 Zt3t7'||:Hd ndz (619)

Since the first term on the right side correspaiods, Equation (6.19) can

tal vdw’

be rewritten as Equation (6.20).

h , 4
Z3nH’ nd?

(o] o

9

=3.2x10* @ (1+6.4x10*
zZ

particle adhesion —

(6.20)

Substituting H in Equation (6.20) with Equation1®) gives Equation (6.21).

hd h 4
15 15
Gparticle adhesion — 3.2x10 Z_i (1+ 6.4x10 Zf)T[ CaH measumd) T[dz (621)

Finally, the particle adhesion prediction modeh dze rewritten as Equation

(6.22).
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h

=12.8x10" LZ (1+6.4x10° ——
C,z,nH

ndz

o ) (6.22)

particle adhesion

(o] measured

In the adhesion model, the adhesion distangecan be estimated from the
surface energy change and the van der Waals constaig Equation (6.23) (Yu, 2004).

h 1/2
z,[um]= 0.8{—) x10°° (6.23)
Ay

where Ay is the surface energy changeria/nt .

In order to develop the NPS adhesion strengthigited model, the particle
adhesion model, Equation (6.22), may need to bedfinto the experimental data for a
particular case of silver nano particles. Thusinbyducing a fitting constant to relate the
adhesion model to experimental data, the NPS anlingsediction model can be written

as Equation (6.24).

w0 N . h
O \ps aghesion= Cy X12.8x 1ol°m(1+ 6.4x10° C Znt

o]

) (6.24)

measured

where G is a fitting constant, h is the van der Waals tamisin eV, d is the particle

diameter in um, zis the adhesion distance iA, C, is an adjusting constant, and

H Js the measured substrate hardness in Pa by Vitikerbardness test described

measure
in section 4.3.1.

The adhesion parameters in the NPS adhesion naydebarticle diameter,
substrate hardness, adhesion distance, and vawvadds constant. The particle diameter
of silver nano particles can be said to be nomynadjual to 8 nm, and the van der Waals
constant can be found in literatures (Bowling, 1)98Eherefore, the tensile adhesion
strength of NPS adhesion to the substrate can édiged once the remaining two
adhesion parameters, substrate hardness and adléesience, are measured. The effect

of the particle size distribution can be incorpedainto the measured adhesion strength
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using physical adhesion test methods such as MB&3ause the fracture area is large
enough to takes the average particle adhesiongstréased on the average particle size.
To evaluate the proposed model with the experialatdta, the modified button
shear test described in chapter 5 has been condiacterganic and inorganic materials.
Once the best {Gand G for each material group are found by model fittitlge fitted

modeling constants will be verified using differematerials in Chapter 7.

6.4 NPS-Organic Adhesion M odel

For the five organic materials, Kapton HN, Kaptés, LCP 315, SS415, and
Teflon EFP, substrate hardness and contact angles mveasured. The measured contact
angles are converted to surface energy change tiengpproach explained in Appendix
C. The calculated surface energy change is useobtaining adhesion distance between
silver nano particle and the organic substrateguBiguation (6.23).

Assuming that the van der Waals constant, h, etvedl organic materials and
NPS film is 2.6eV (Bowling, 1985), all the adhesjoarameters measured and calculated
for the five organic materials are summarized alulfated in Table 6.2 before model
fitting.

Table 6.1 NPS-organic adhesion parameters befodehfitting

VA
AY 00 H measured ao dew dewdeform GNPS adhesion Z Tape
[mIm?]| (a7 | [Pal |[hm]| [N] IN] [MPa] | [MPa] | Test

Kapton HN 88.7 | 1.49 |5.6E+07 4.1 | 3.0E-09| 8.6E-08| 360.6 15.7 | OB
Kapton KJ 89.0 | 1.49|1.4E+04 26.2 | 3.0E-09 3.5E-06| 14082.5|>44.4*| 5B
LCP315| 84.2 | 1.53 |4.7E+04 13.9| 2.8E-09 9.0E-07| 3660.5 | 48.5 | 5B
SS 415 90.2 | 1.48 |1.0E+05 98.6 | 3.1E-09 5.0E-05| 203875.0 >43.7*| 5B

Teflon FERP 44.9 | 2.09 |2.2E+06 14.8| 1.5E-09 4.0E-07| 1625.3 |**N/A | 0B
*Beyond the Limit of MBST capability, **N/A: Not Aailable test specimen

Material
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As this table shows, the predicted tensile adimesioengthe s .gnesor 1S @N

order of magnitude larger than the measured tebsitel strength using MBST, Z, before
model fitting. For Kapton KJ and SS415, MBST fraetwccurs between the epoxy
adhesive and the NPS interface, which means tieaddhesion strength between NPS
and the substrate is higher than the MBST testlibitgaThe Teflon FEP specimen for
adhesion strength measurement using MBST was rzofable (N/A) because the NPS
film was not formed on the Teflon FEP surface. Buéhe low surface energy of Teflon
FEP, NPS does not wet the surface, resulting in MR®ds rather than NPS film as
shown in Figure 5.18.

Thus, Kapton HN and LCP315 that are measurech@r interfacial tensile bond
strengths will be used for fitting the adhesiondicBon equation to these experimental
data. In this fitting step, it was found that=C00 and €=1/4.9 provided the best fitting
within the first decimal digit for the NPS adhesistnength to Kapton HN and LCP 315
as in Table 6.3. By constraining the maximum canéaea radius to 4 nm, which is the
radius of silver nano particle, it is assumed thatmeasured hardness value less than 0.6
MPa corresponds to the 4 nm of contact area radius.

Table 6.2 NPS-organic adhesion model fitting ushgl/4.9 and =100

Z
A'Y ° H ao dew dewdeform GNPSadhesion Z Error Tape

Material (MJ/?] ['&] [MPa] nm]| [N] IN] [MPa] [MPa] |[MPa]| Test

Kapton HN 88.7 | 1.49|5.6E+09 0.4 |3.0E-09 8.6E-10] 15.7 15.7 0 0B

Kapton KJ 89.0 | 1.49|1.4E+08 2.6 |3.0E-09 3.5E-08| 152.9 |>44.4*| N/A | 5B

LCP315| 84.2 | 1.53|4.7E+08 1.4 |2.8E-09 9.0E-09] 48.1 485 | 0.4 | 5B

SS 415 90.2 | 1.48 | 1.0E+07 4.0 |3.1E-09 8.3E-08| 348.1 |>43.7*| N/A | 5B

Teflon FER 44.9 | 2.09|2.2E+08 1.5 |1.5E-09 4.0E-09] 22.4 | *N/A| N/A | OB

*Beyond the Limit of MBST capability, **N/A: Not Aailable test specimen
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6.5 NPS-I1norganic Adhesion M odel

The adhesion parameters for inorganic materiat®réemodel fitting are
summarized in Table 6.4. Since aluminum oxidizeslyavith exposure to air, making it
very difficult to measure aluminum contact anglethwhree different liquids, the surface
energy change of etched aluminum is assumed thebsame as that of aluminum oxide.
All the other contact angles are measured anchalstbstrate hardnesses are estimated
from a reference for all the inorganic materialscansideration, Cu20, Al203, Si3N4,
etched Cu, and etched Al (Wang, 1999). The measadbkdsion strength of NPS-etched
Cu substrate is far away from the predicted adinestieength. In fact, the etched Cu has a
very strong adhesion to NPS, with a value larganti3.7 MPa at the minimum because
the fracture occurs between epoxy adhesive andiNBfe NPS-etched Cu system. Thus,
there might be an additional factor that contridute the NPS-etched Cu adhesion. This
will be investigated in Chapter 7.

Table 6.3 NPS-inorganic adhesion parameters befocel fitting

Z
h A’Y ° H estimated a'o dew dew deform o NPSadhesion Z Tape

Material [eV] |[ma/m?] ['&] [MPa] |[nm]| [N] IN] [MPa] |[MPa]| Test

Cu20 8.7| 744 | 2.98|1.2E+090.815 2.5E-09| 1.4E-09| 13.4 11.6| OB

Al203 6.0 78.9 | 2.40/1.9E+100.210 2.7E-09 1.2E-10| 9.6 99 | OB

Si3N4 7.9 73.8 | 2.85/7.8E+090.319 2.5E-09 2.2E-10| 9.3 10.2| OB

(etched) Cu 8.7 | 78.9 | 2.89|5.1E+081.289 2.7E-09| 3.8E-09| 22.3 |>73.7*| 5B

(etched) Al| 6.0 | **78.9 | 2.40|2.4E+081.87(0 2.7E-09 9.7E-09| 42.5 61.3| 5B

*Beyond the Limit of MBST capability, ** surface ergy of alumina is used.

Except the etched Cu, the predicted tensile adhesirengthe os .gnesion 1S
almost the same as the measured tensile bond stresgng MBST, Z, even before
model fitting in Table 6.4. However, to get betteodel fitting, two cases of Al203 and

etched Al are selected and the adhesion modeltierifgéted into the experimental data

129



as in Table 6.5. In the inorganic-NPS adhesion,fittieg constants are £0.6 and €

=6.0.
Table 6.4 NPS-inorganic adhesion model fitting gsth=1/6.0 and &=0.6
Materiall Ay Zo H a, | Fur | Fawgerorn| Onps Z | Error|Tape
[eV]|mam?]| a7 | IMPa] [[nm]| [N] [N] | [MPa] |[MPa]|[MPa] Test
Cu20 | 8.7 744 | 2.98| 7.2E8 |1.052 2.5E-9| 2.3E-9 16.1 11.6| 45 | 0B
Al203 | 6.0 | 78.9 | 2.40] 1.2E10|0.272 2.7E-9| 2.0E-10| 9.5 99 | 0.4 | OB
Si3N4 | 7.9 73.8 | 2.85 4.7E9 |0.412 2.5E-9| 3.7E-10| 9.5 10.2 | 0.7 | OB
Cu 8.7| 78.9 | 2.89 3.1E8|1.664 2.7E-9| 6.4E-9 30.1 | >73.7% N/A | 5B
Al 6.0 | **78.9 | 2.40| 1.5E8 |2.414 2.7E-9| 1.6E-8 62.6 61.3 | 1.3 | 5B

*Beyond the Limit of MBST capability, ** surface ergy of alumina is used.

6.6 Summary

Based on the study in Chapter 6, the adhesiorgbiead models for NPS-organic

substrates and NPS-inorganic substrates are prb@ss&quation (6.25) and Equation

(6.26), respectively.

O-NPS adhesion — i X 128X 10-10

GNPS adhesion — % X 128>< 10_10

ndz]

T 0

h :
——(1+6.4x10°

h _
——(1+6.4x10°

h
3 )
100X Zon H measured
h
3 )
O'GX Zon H estimated

(6.25)

(6.26)

where h is the van der Waals constant in eV, desparticle diameter in um, s the

adhesion distance iMA, and H, .. .S the measured substrate hardness in Pa by

Vickers-like hardness test described in sectiornl4.3

models using different sets of organic and inorgamaterials.

In Chapter 7, these proposed adhesion modelshwillerified as NPS adhesion
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CHAPTER 7

VERIFICATION AND ADHESION IMPROVEMENT

7.1Test Materials

All the substrate materials used for the adhesiodel verification purpose are
summarized in Table 7.1 with their typical propesti The organic substrate materials
used in the verification step for the proposed attimeprediction model include Kapton
FPC, LCP 290, Pyralux FR, and BCB. Their chemitaictures are also shown in Figure
7.1. The Kapton FPC is another type of thermosgttimlyimide film supplied by Dupont.
LCP 290 is a liquid crystal material with meltingipt of 290C supplied by Rogers
Corp. Pyralux FR is an acrylic-based thermoplasiaterial supplied by Dupont. Finally,
BCB stands for BenzocycloButene, which is a widebed dielectric material in the
electronics packaging industry. The BCB substrads ywrepared by using spin-coating
BCB liquids on a silicon wafer and then curing tigeiids, resulting in BCB thin film of
around 5 um. The BCB is a thermosetting polymehglass transition temperature (TQ)

of greater than 350.
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Table 7.1 Substrate Materials used for verificabbadhesion model

Thick
. : Tg Tm | UTS CTE@25C
Category| Material Supplier | -ness| . . o
gory| PP um] [C] [C] [[MPa]| [ppm/TC]
Kapton FPQ Dupont 125| 360-410 N/A | 231 20
17(x,y)
LCP 290 Rogers Corp 50 190*F 290 216
Organic 150(z2)
Pyralux FR Dupont 50 N/A N/A| N/A 60
BCB Dow 50 >360 | N/A| 87 42
Au (ENIG) MC(';"a""rfter 01 | N/A | 1064/ 100 | 14.2
. Au removal
Ni (ENIG) ( 5 N/A | 1453| 168 134
Inorganic from ENIG)
Sio2 SVM* 675 N/A | 1650 110 0.5
Ag (NPS film) 2 N/A 961| 170 18.9

*Silicon Valley Microelectronics, Inc. **Relativeiermal Index (Mechanical)

Inorganic materials include gold, nickel, silicdioxide (SiO2), and silver. The
outermost surface layer of electroless nickel insioer gold (ENIG) plate is used as
gold’s substrate material, which is about 0.1 uiokifiess. A nickel substrate is prepared
by rubbing off the gold layer from ENIG plate, whics about 3-6 um thick. A silicon
dioxide wafer is used as the SiO2 substrate. SIdt&IPS film will be used as a silver
substrate for NPS adhesion testing to silver.g(lknown that AgO is transformed into

Ag,0 at around 100-200C, and the complete thermalrdposition of AgO into Ag and
O, occurs at 400C. (Waterhouse, 2001)
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Figure 7.1 Chemical Structure of organic substnadgerials

7.2 NPS-Organic Adhesion M odel Verification
The adhesion prediction model for NPS-organic nede Equation (6.25), will

be verified as an appropriate adhesion model sxgéction.

) (6.25)

1 h h
o == x12.8x10"°— (1+6.4x10°
NPS adhesion ™ 4 9 ndz? ( 100x 23 H e eq

o

The predicted adhesion strength between NPS amdompanic substrates is
calculated from Equation (6.25) under the assumgtiat the van der Waals constant for
polymers and NPS is 2.6eV. After contact anglesnaeasured, surface energy changes
are calculated using the approach explained in AgipeC, whose results are tabulated in

Table 7.2.
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Table 7.2 Contact angle and surface energy change

Contact Angle [mean « °] Surface Energy
Materials
water Glycerol Diiodomethane Change [mJ/fAj
Kapton FPC 73.6+£3.8 72.842.0 44.6+0.9 80.2
LCP 290 202437 82.4+4.1 42.0£5.4 82.4
BCB 35.144.4 50.916.6 45.34.0 82.9

The interfacial bond strengths in tension for Wf@S-organic materials used for
model verification are measured from MBST exceptBB@aterials and summarized in
Table 7.3. Pyralux FR forms a very strong adhebimmd to NPS sintered at 2B0and it
is not fractured at the Pyralux FR-NPS interfacat, &t the NPS-epoxy interface. By
reducing the sintering temperature to I82Pyralux FR was fractured at the interface
between Pyralux FR and NPS film. Also, LCP 290 dastured at the LCP cohesive.
Thus, LCP 315 with NPS sintering temperature of @98 used as verification of the
model since it is fractured at the interface betwe€P315 and NPS film. BCB-NPS was
evaluated using the ASTM tape test due to insafficimaterials, and it showed 0B. The

default process condition for NPS sintering is2@Q for 1 hr.
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Table 7.3 MBST results for organic materials

Substrates Die — - Fracture
@ Sintering Configuration o 4 S z Mode
Temperature

Full Die 16.24+2.9 5.2+0.7

KegtzognoogPC 10.4+2.7| 18.6+£3.9| Interface
Mid Die 4.6x1.0 10.0£2.6

LCP 315 Full Die o6 o| 29840
415, .8+2.5
+ +

@190C Mid Die 32.4+4.9| 37.14+6.9| Interface
7.3+2.1 31.8+4.6

Pyralux FR Full Die 39 36.3

43.9+5.4 315
+ +
@187C Vid Die 56.0£7.9| 57.71£9.6| Interface
13.4+6.5 | 54.4+7.2
LCP 290 Full Die 216427 | 23.741.9
.612. L. LCP
+ +
@230C Mid Die 9.942.2 40.3+3.8 43.7£4.9) 25.73.8 cohesive
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Figure 7.2 Average tensile - shear stress plotdpKapton FPC-NPS (b)
LCP315@19 -NPS (c) Pyralux FR@182-NPS adhesion

All the measurements of inorganic substrate hagjreethesion distance, as well

as other calculated values are listed in Table Th. error in Table 7.4 is the difference
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between the measured adhesion strength, Z, and predicted adhesion

strengthe e aanesio It COUID be said that this error indicates theuaacy of the MBST

based on the theoretical NPS adhesion predictiatemo
For BCB substrate, it was very difficult to measthie hot hardness at the NPS

sintering temperature of 230 because the BCB film thickness (~5um) is far smalle

than the required indentation depth in the handenrtand hardness tester. Fortunately, it is
reported that the hardness behavior of polymerf vd@mperature is very similar and
proportional to that of elastic modulus (Darlix,88) before and after glass transition
temperature (Tg). Thus, the BCB hot hardness leael be estimated from a similar
material, which has the same level of glass tramstemperature and tensile modulus at
room temperature. The tensile modulus and Tg of B8 reported as 2.9GPa and

minimum 350C, respectively (Patel, 1998, Dow, 2009). Similagpton FPC has a
tensile modulus and Tg of 2.8GPa and minimum ‘G60espectively (Megusar, 1997,
Dupont, 2009). Thus, for the purpose of estimatthe, hot hardness of BCB at 28(s

assumed to be equal to that of Kapton FPC. Sineepthdicted adhesion strength of
NPS-BCB is the same level as that of NPS-Kapton,RR€ tape test results are OB as
expected.

The LCP 290-NPS system shows lower adhesion strehgh the predicted one.
The lower strength might be due to the fracturéation at the LCP290 cohesive and
then propagation through the bulk of LCP290. Thectiire mode analyses for test

materials including the NPS-LCP290 interface ararsarized in Table 7.5.
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Table 7.4 NPS adhesion model verification for organbstrate

Material AY Zoo H ao dew dewdeform 6 NPSadhesior Z Error Tape
[mIm?][ap| MPal |[nm]| [N] [N] | [MPa] |[MPa][MPa] Test
Kapton FPC| 80.2 |1.57| 2.6E+09| 0.6 | 2.7E-09 1.5E-09 17.0 18.6) 1.6 | 0B
LCP 315
@190C 84.2 |1.53| 7.5E+08| 1.1 |2.8E-09 5.6E-09| 34.4 37.1} 2.7 | 4B
Pyralux FR
@182C 69.4 |1.68| 2.5E+08| 1.7 |2.3E-09 1.0E-08 51.8 57.7) 5.9 | 5B
LCP 290 82.4 |1.55| 2.5E+08| 1.9 |2.8E-09/1.6E-08 76.3 |>25.7*N/A | 5B
BCB 82.9 |1.54*2.6E+09 0.6 | 2.8E-09 1.6E-09 17.9 N/A | N/A | OB

*LCP290 cohesive fracture, **Hot hardness of KapktC is adopted

Figure 7.3 displays the predicted and the measaniadsion strength for organic

materials in the interfacial bond strength in tensversus H plot. The adhesion strength

of Kapton FPC, Kapton HN, LCP 315, and Pyralux FR well predicted from the

adhesion prediction model. Therefore, the NPS adhesiodel can be said to well

predict the actual adhesion strength between NB®@anic materials.

90—

80

Z [MPa]

- Kapton HN(1.49A)
- LCP315(1.53A)

- LCP315@190C(1.53A)

- Kapton FPC(1.57A)

- Pyralux FR@182C(1.68A) |

—Zo0=1.49A

Zo=1.53A
—Zo=1.57A
--Z0=1.68A

Figure 7.3 Interfacial Tensile Bond Strength Pt®rganic-NPS adhesion
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As shown in Figure 7.3, substrate hot hardneisiprimary adhesion factors in
the NPS adhesion prediction model. The NPS adhesii@ngth varies significantly
depending on the hot hardness of the substratedd3gghe variation of NPS adhesion
strength with substrate hot hardness is dependetiteoadhesion distance. Especially in
the low hardness range, even a small adhesiomdestzhange can significantly affect the
NPS adhesion strength.

Table 7.5 Facture Mode analysis for organic mdteria

Substrate | Fracture Mode EDX Analysis
(2)

Kapton FPC| Mostly
(18.6 MPa) | NPS/FPC
interface

Full Scale 338 cts Cursar: 0.000 ke ke

Ag: 89.2wt%, 0:10.8wt% (NPS side)

w0 "
Full Scale 338 ctz Cursor: 0,000 ke ke

O: 83.7%, Ag: 16.3% (Substrate side)

Pyralux FR | Interface
(65.3MPa
at 182C)

ull Scale 290 cts Cursor: 0.000 ke

Ag: 100wt% (NPS side)
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i Elrman mgad

ull Scale 290 cts Cursor: 0.000 ke

O: 100wt% (Substrate side)

LCP290
(24.4 MPa)

LCP cohesive
&
NPS/LCP290
interface

T sl megad

Full Scale 338 cts Cursar: 0.000 ke

O: 56.0Wt%, Ag: 44.0wt% (NPS side)

Q
4
16K gl
1.4K
. .
1.2K X - 2
= . )
2 k] il 3
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g =y \,,H,WW ot
R Ny
g

XPS

1000 950 900 850 800 750 700 650 600 550 500 450 400 350 300 250 200 150 100 50 O
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Full Scale 338 ctz Cursor: 0,000 ke

O: 100wt% (Substrate side)
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BCB NPS/BCB
interface

Full Scale 338 cte Cursor: 0000 ke ke

Ag: 88.1wt%, O: 11.9wt% (NPS side magnified)

Full Scale 338 cts Cursar: 0.000 ke ke

O: 43wt%, Si:57wt% (Substrate side magnified)

7.3 NPS-Inorganic Adhesion Model Verification
The adhesion prediction model for NPS-inorgani¢emals that will be verified
in this section is Equation (6.26).

h
0.6xZ3n H

O \pS adhosion = %le.Sx 10'10%(“ 6.4x107 )  (6.26)

ndz

o measured

The interfacial tensile bond strengths of inorgamaterials used for model
verification are measured by MBST and summarizeti wie fracture mode analysis in
Table 7.6 and 7.7. The fracture of NPS-Au occumedhe NPS-Au interface. The Ni
detected is due to the larger the interaction vel@ihSEM than the Au layer thickness of
0.1um in the ENIG substrate). Ni shows very wedkeatbn to NPS, and it is fractured at
the Ni-NPS interface. SiO2 shows slightly higheheslon strength than Ni, but it is still
in the OB level at the ASTM tape test. Sintered gy as the silver substrate was
prepared on an etched Cu substrate, to which Ni®sfa strong adhesion, so that silver

substrate is not separated from the base Cu stésfrhe Ag film forms a strong

141



adhesion with NPS, as it is not fractured at th&sM¥g interface, but at the NPS-epoxy

interface even at the fracture strength of 73.7 MPa

Table 7.6 MBST results for inorganic materials

Die _ _ Fracture
Substrates o T S V4
Configuration Mode

Full Die 39.3+5.31 21.2+4.2

Au (ENIG) 65.319.9| 41.645.9| Interface
Mid Die 19.6+3.9| 57.6+7.5
Full Die 7.6+x2.2| 3.840.9

NiO 10.6+1.7| 8.2+2.5| Interface
Mid Die 3.9+0.4 | 9.3+1.1
Full Die 12.842.1) 4.9+1.4

Si02 12.9+5.2| 13.8+2.6| Interface
Mid Die 6.0+2.9| 11.7+4.3

©
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Table 7.7 Facture Mode analysis for inorganic naier

Substrate | Fracture .
2) Mode EDX Analysis
NiO NPS/NiO
(9.7 MPa) interface
Ag: 92.3wt%, O: 7.7Wt% (NPS side)
Ni: 90.4wt%, P:7.8Wt%, Ag: 1.8wt (Substrate side)
Au NPS/Au
(41.6 MPa) | interface

Ag:

100wt% (NPS sid

E EMrvan s

Ni: 46.0wt%, Au: 34.8
(Substrate side)

Full Scale 338 cte Curgor: 0.000 ke

e)

Full Scale 338 cts Cursor: 0.000 ket

wt%, Ag: 19.2wt%
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SiO2 Mostly g
NPS/SiO2] .
interface

i Elrbanimu |

Full Scale 338 cts Cursor: 0.000 ket ke

Si: 97.5wt%, Ag: 2.5wt% (Substrate side)

The hot hardness of inorganic substrates founa ftee literature is summarized
in Table 7.8 (Wang, 1999). Contact angles are mredsand surface energy changes are
calculated as tabulated in Table 7.9 using theaambrin Appendix C. Adhesion distance,
other calculated values, and the predicted adhesimngth between NPS and each
inorganic substrate, which is calculated from Eoum6.26, are listed in Table 7.10. The

error in Table 7.10 is the difference between tregligted adhesion streng#)es .gnesion

and the measured adhesion strength, Z. This earatso indicate how the MBST is

accurate based on the theoretical NPS adhesiorcpoadmodel.
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Table 7.8 Hardness of inorganic materials at NR&8hg temperature

. Vickers Hardness Softening Coefficient of Hardness at 23C
Material (Ho, MPa) Hardness (H. Mpa)
o (S, 10-4PC) '

Au 400 10.0 318
Ni 1325 10.0 1053
NiO 4800 *10.0 3814
Si 2540 9.5 2041
SiO02 12015 *9.5 9657

Ag 600 9.3 484
Ag20 1350 *9.3 1090

*assumed value

Table 7.9 Contact angle and surface energy change

Contact Angle ] Surface Energy
Materials
water Glycerol | Diiodomethang Change [mJ/fj
Au 77.61£2.5 72.1+1.5 46.0+2.4 79.3
NiO 71.3+2.1 81.1+3.1 57.2+3.7 73.1
Sio2 37.241.1 36.7£1.0 43.3+1.8 87.2
Ag 82.4+3.7 69.5+3.9 36.7+3.1 84.4

Table 7.10 NPS adhesion model verification for gamic substrate

. h A’Y Zo H ao dew dewdeform O Nps adhesio z Error Ta.pE
Material o
[eV][MIMTIFAT| [Pa] |[nm]| [N] IN] [MPa] | [MPa] |[MPa]| Test
Au [9.0| 79.3 |2.93]1.9E+082.1162.7E-09 1.0E-08] 42.9 416 | 1.3 | 5B
NiO |8.7| 73.1 |3.0012.3E+090.587%2.5E-09 7.1E-10, 10.6 8.2 24 | 0B
Si02 | 7.9| 87.2 |2.62|7.2E+090.3613.0E-09 3.7E-10, 11.0 138 | 28 | 0B
Ag |9.0| 84.4 |2.84/2.9E+081.7692.9E-09 7.9E-09] 35.6 >73.7| N/A| 5B

The predicted adhesion strength of the NPS-inacgaystem is well suited to the

measured interfacial tensile bond strength as qaoih Figure 7.5. In the NPS-silver
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fracture, which is not shown in Figure 7.5, fraetwccurs at the epoxy adhesive-NPS
interface, not at the NPS-Ag interface, which meas Ag has a strong adhesion to NPS.
Therefore, any additional adhesion factor mightkniorthe NPS-Ag adhesion just like
the NPS-etched Cu adhesion. On the whole, the NIR8s@n model predicts well the

actual adhesion strength between NPS and inorgaetierials studied.

90 ‘
- Cu20(8.7eV&2.98A)
80; - Al203(6.0eV&2.404)
.l - Si3N4(7.9eV&2.85A) | |
- Etched Al(6.0eV&2.40A)
601 - Au(9.0eV&2.93A) |
_ NiO(8.7eV&3.0A)
w50 < Si02(7.9eV&2.62A) |-
= |l —h=6.0eV, Zo=2.4A
~ 407 ~h=8.0eV, Zo=2.8A i
. ~ h=9.0eV, Zo=3.0A
20 .
10 . S ——
| | |
% 5 10 15 20
H [GPa]

Figure 7.5 Interfacial Bond Strength in TensiontRbo Inorganic-NPS adhesion

7.4 Summary and Discussion
The proposed NPS adhesion model was successtfetlffed for a variety of
organic and inorganic substrate materials. The @adhestrength of any new substrate
material to NPS can now be predicted using thdigdrNPS adhesion prediction model.
As schematically shown in Figure 7.6, once theHatiness and adhesion distance are
measured as input to the adhesion prediction mduelinterfacial tensile bond strength,
Z, can be predicted. Depending on the substragpecelly for metals, there could be

additional adhesion factors such as diffusion aurand Ag.
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H (Hot Hardness)

z,(adhesion distance)

7

h (vdw constant) (Interfacial tensile bond strength)

k.

Model*
Input Ve Output

Figure 7.6 Schematic of NPS adhesion predictionahod

As shown in Figure 7.3 and 7.5, the interfaciaktee bond strength increases as
the substrate hardness decreases. However, thigel®not linear. In other words, the
adhesion strength starts increasing abruptly artia point of substrate hardness. The
cause of this phenomenon is that the NPS adhesimggh is a combination of van der
Waals force component and the additional van deal\force component caused by
deformation. As shown in Figure 7.7, the adhestoength due to the intrinsic van der
Waals force is constant regardless of substratgnikas, which is the same as when the
substrate hardness is assumed to be infinite gixide van der Waals constant (2.6eV),

adhesion distance (1.49, and particle diameter (8nm).

The additional van der Waals force due to defoionattarts significantly
contributing to the total bond strength at the pdif,” in the Figure 7.7. This transition
point depends on the adhesion parameters suchrasleraWaals constant, adhesion
distance, and adjusting constang)(@ should be noticed that the T point is noatetl to
the particle diameter. In the NPS adhesion prexfictmodel, Equation (6.24), the
transition point corresponds to the point where #uaelitional van der Waals force
component is equal to the intrinsic van der Waailsd component. From Equation (6.24),

the substrate hardness value at the point T cawriten as Equation (7.1).
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Figure 7.7 Analysis of the total interfacial teesilond strength

o ¢, x12.8x10°— (14 6.4x10° h ) (6.24)
NPS adhesion f ' T ng ' Ziﬂ: % CaH e

where G is a fitting constant, h is the van der Waals tamisin eV, d is the particle

diameter in um, zis the adhesion distance iA, C, is an adjusting constant, and

H Js the measured substrate hardness in Pa by VitikerBardness test described

measure

in section 4.3.1.

h & H; =6.4x10° h

zonxC_H; C.nz’

1=6.4x10°

(7.1)

From Equation (7.1), it can be observed that dngelr van der Waals constant, h,
the higher substrate hardness. That is, when thedea Waals constant is large such as
inorganic materials (6.0-9.0eV) rather than orgamaterials (2.6eV), the substrate
hardness at the higher hardness value can staiticagtly contributing to increase bond
strength. This fact is confirmed from Figure 7.31ah5 in that the transition point of
inorganic materials is around 1GPa while that gaaic materials is around 10MPa.

One the other hand, the larger adhesion distapcéhe smallerH; . In other
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words, the adhesion distance can affect the tiansgoint of substrate hardness by
moving the point to the left on the hardness agishe adhesion distance increases. The
adhesion distance effect was significant in theanig materials as in Figure 7.3, but not
that much in the inorganic materials in Figure Btce the van der Waals constant is
larger and the adjusting constant is much smadlenrforganic materials than those of
organic materials, the change in the adhesionmtistés not so significant comparing to
the organic materials.

Thus, from the NPS adhesion model based on thévah der Waals force, the
NPS adhesion strength can be improved either bgasing the intrinsic van der Waals
force or the additional van der Waals force duaeformation. The intrinsic van der
Waals force component can be increased by decepaitigle diameter and/or adhesion
distance, and increasing van der Waals constard. affditional van der Waals force
component due to deformation can be increased byedsing substrate hardness and/or
adhesion distance, and increasing van der Waaktaan At this point, since the van der
Waals constant is fixed when the substrate materiskélected and the particle diameter
can be also said to be fixed as the nominal pard@meter for any chosen nano-particle
metals, the ways to improve NPS adhesion strengihldvbe decreasing substrate

hardness and/or adhesion distance between silwerpeticle and substrate atoms.
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CHAPTER 8

ADHESION IMPROVEMENT

The NPS adhesion model has been developed as lgyvEiquation (6.24). The
two model constants,;@nd G, in the model have been found for organic andgaoic
materials, separately. This model has been vatidasethe NPS adhesion model that can
estimate NPS adhesion strength to electronics paukamaterials with reasonable
accuracy. The NPS adhesion prediction model iscbaseparticle adhesion theory and
more specifically approximates the van der Waalsefaas a driving force in particle

adhesion.

) (6.24)

measured

0 h . h
O \ps adhesion = Cy x12.8x10%° Tdz (1+6.4x10° i C.H

where G is a fitting constant, h is the van der Waals tamisin eV, d is the particle

diameter in um, gzis the adhesion distance iR, C, is an adjusting constant, and
H, casuedS the measured substrate hardness in Pa by Vitikerbardness test described

in section 4.3.1.

In this model, it was assumed that the omnipresamnt der Waals forces is
additive for assemblies of atoms and molecules,thadttraction force between larger
bodies can be obtained by an integration overatkspf atoms and molecules (Bowling,
1985). It is also assumed that the particle agpsrare comparatively hard so that they
can deform the opposite surface at the contact aimon, 1982, Podczeck, 1996). This
assumption means that the silver nano particlangblyes may not be deformed when
they contact the surface of substrate materialsid®s, all liquids including solvents in

NPS are assumed to be evaporated at the sintenngetature of 230C, and thus any
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capillary forces are assumed to be excluded ifNtR8 adhesion. In addition, additional

interfacial reactions such as sintering, diffusmiing, and alloying at the interface were

excluded from this model, which means that the dB$esion prediction model is solely

based on the particle adhesion associated van dalis\orce. The NPS adhesion strength
was obtained by dividing the total van der Waatsddy the projection area of a patrticle,

assuming that the effect of contraction duringesingy on the average particle projection
area was negligible.

The hardness values of organic materials in the Bidiff@sion prediction model
were measured using a manual Vickers hardnessterdep made of tungsten carbide
with 136 between faces. The hardness values measured latedréo the model
constants, €and G, in Equation (6.24), which will be changed forfeient hardness
measurement configurations such as different ireddig material and different tip angle.
In the hardness adjustment in this study, the smdfucontact was assumed not to be
larger than the nominal particle radius, 4 nm. fraeture strength measurement area was
assumed to be large enough to neglect the effetfteoparticle size distribution on the
NPS adhesion strength and to estimate the adhesrength based on the average
particle size.

The van der Waals constant, which is one of theesidn parameters in the NPS
adhesion model, was assumed to be the same fibreaésted organic materials to silver
nano particles.

Also, some of the inorganic materials such as GO, SiO2, and Ag20 were
assumed for their softening coefficients of hardrtese the same as those of bare metals,
Cu, Ni, Si, and Ag, respectively, because of ttiecdity in finding them in the literature.

The surface energy change of etched Al was assuméd the same as the

aluminum oxide because it was impossible to mea$eareontact angle of the very easily
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oxidized metal surface.
Based on the NPS adhesion prediction model, Emudih.24), it is easily
understood that the NPS adhesion strength can peowad either by decreasing the

adhesion distance, , and/or the hardness of the substrate materjal, ..

The adhesion distance between NPS and substratiatsg Equation (6.20),
could be decreased by increasing the surface ecbangeAy , between them.
h )2
z,[um]= 0.8{A—YJ x107° (6.20)
The surface energy change between NPS and sebstedérial can be achieved
by increasing surface energy of substrate mateaséd on Equation (4.3).
Ay =v1+7, Y1 (4.3)
Substrate hardness would be decreased by incgedlsen sintering process
temperature from Equation (4.2). Also, removing thaface oxide of metals can
significantly decrease surface hardness of thelmstavidenced by the cases of copper
and copper oxide (Cu20), and aluminum and alumioxide (Al203).
H=H_exptSx(T-T,)) (4.2)
Besides the NPS adhesion model, generating newichl bond sites between
NPS and the substrate surface using the third nmedih as Silane coupling agent can

contribute to improving NPS adhesion.

8.1 Plasma Treatment

As a way to increase the surface energy of thetmibsplasma treatment may be
a viable approach. However, in the case of NPSsdhehat requires high temperature

process conditions, the plasma treatment effedinfoeasing surface energy of substrate
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may disappear at the sintering temperature aro80€ 2In fact, it has been found that a
temperature increase enhances polymer chain mobditd accelerates surface
rearrangement, resulting in a faster recovery ef ¢hntact angle to the value of the
untreated polymer surface. (Yun, 2004, Geyter, 2008

It has been also known that plasma-treatment gereechemical bond sites in a
Kapton film by cleaving some of imide groups andnimg secondary amide and
carboxyl groups. The cleavage of the imide ringthenKapton films is possible because
the electron energy of the plasmas is higher tienltond strength of N-C of 3eV.
Breaking down the imide groups also makes Kaptiomsfhydrophilic. (Inagaki, 1992)

Figure 8.1 shows that plasma treatments seempomira the NPS-Kapton FPC
adhesion strength, although the adhesion leveBjsnét 5B. The tape test result of the
4B NPS adhesion level for plasma-treated FPC isvshim Figure 8.2(b). Under the
assumption that the contact angle of oxygen plasesed Kapton FPC is recovered as
that of the as-received one after 1 hr of heating3®C, the adhesion improvement is

more likely to be due to the bond cleavage in thptin FPC film.

5

Fan
Tape Test
B-Scale

3 |

0

Base 02 Plasma CF4 Plasma N2 Plasma

Figure 8.1 Plasma treatment effect on NPS-Kaptdd &éthesion
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(b)
Figure 8.2 Tape Test Result for Plasma treatméectef
(a) As-received Kapton FPC (0B) and (b) O2 Plasmai¢d Kapton FPC (4B)

8.2 Silane Coupling Agent

As schematically shown in Figure 8.3, the Aminles® coupling agent can
improve the NPS adhesion to Kapton FPC by formimgoéecular bridge at the interface
between NPS and Kapton FPC (Tee, 2007). The 1.Cadéftion of Amino-silane into
NPS ink turns out to be working for Kapton HN an@B in improving the adhesion

level to 5B as shown in Figure 8.4.
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Figure 8.3 Potential chemical bond formations au&rhino-silane coupling agent
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Figure 8.4 Amino-Silane addition effects

In order to understand how much the Amino-Silamapting agent contributes to
improve NPS adhesion to some organic materials asdkapton FPC, Kapton HN, and
BCB, MBST has been conducted and Kendall's modebhpglied to estimate the
interfacial tensile bond strength.

The energy density of chemical bonding, which isiiegjent to interfacial
fracture energy (@, between Amino-NPS and substrate can be approsdnance the
bond density and the bond dissociation energy twemino-NPS and substrate are

known using Equation (8.1).

E; =D xp o (8.1)
where E, is energy density of chemical bonding 4/Br is the bond dissociation
energy in J/mol, andp,,, is bond density in 1/fm

The bond dissociation energy of Ag-O is 221kJ/mlile C-N is 305KJ/mol, and
Si-O is 452 kJ/mol (Lide, 2006). Thus, the fractisrenore likely to occur at the interface

between Ag-O.
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The bond density for some cases has been estinatddhey are almost in the
same order of magnitude: Kinloch (1987) estimated humber of bond sites for
hydroxyl (-OH) groups and carboxylic acid (-COOHyogps as 4x1¥m? and
16x10¥m? respectively. Fowkes (1987) estimated the nunufeacid-base sites for
fiber-matrix composites to be 3.6X£n?. Yao (2000) calculated the number of reactive
sites for epoxy as 1.25xfm?using molecular dynamics simulation.

Thus, by taking the maximum bond density of 168167 as the bond density of
amino-silane and nano-particle silver, the intadiafracture energy can be estimated
using Equation (8.1). Equation (8.2) shows the wdaton of the interfacial fracture

energy based on the energy density of chemicalsond

8
G, = 221x10°[ J 1% 1mol 23’><16><1201
mol” 6.022x10 m

= 587J/m?] (8.2)

From Kendall's model described in section 5.2.7isZequal to/ze /ZLi .
a - K

Thus, additional contribution of Amino-silane cougl agent to the NPS adhesion
strength can be combined with the van der Waatefoontribution and can be written as

Equation (8.3).

h h t.
. =C, x12.8x10" —— (1+6.4x10° + /2G /1y — (8.3
O Npsadhesion R X ndz2 ( X 237 % CaHmeasured) a ,Z Ki ( )

where G is a fitting constant, h is the van der Waals tamisin eV, d is the particle

diameter in um, gis the adhesion distance #, C,is an adjusting constantd

measu I‘EOI S

the measured substrate hardness in Pa, Ga isacitdrfracture energy at the fracture
interface in J, ti is the thickness of each layenin, and Kis the bulk modulus in MPa.

According to the material properties and dimensiasf each component,
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>t /K, and Z are calculated as in Table 8.1. Thus, Kapt®8-NPS adhesion will be

increased as much as 10.6£0.4 MPa due to the Asiiane coupling agent, resulting in
total adhesion strength of 29.2+4.3 MPa.
The interfacial tensile bond strength is measwsdg MBST as summarized in
Table 8.2. Although the uncertainty in the Z meament seems to be large, the predicted
adhesion strength of 29.2+3.9 MPa is comparabtke¢oneasured value of 37.3+6.4 MPa.
Table 8.1 Interfacial Bond Strength of Amino-NPSfkan FPC interface

Materials E [Mpa] % K [MPa] t [um] t/K [um/MPa]
Die 130000 0.28 98485 675.00 0.007
NPS 83000 0.37 106410 2.0 0.000

Epoxy 4200 0.34 4375 228+30 0.052+0.00
Kapton FPC 2800 0.34 2917 125 0.043
t.
2 | 0.102:0.007
Z [MPa] 18.6+3.9 | Ga [J/fh 17.7+7.5
Additional Z [MPa] 10.6+0.4 | Additional Ga [J/fh 5.9
Total Z 29.2+3.9 Total Ga 23.6+7.5

Table 8.2 MBST results for Amino-NPS/Kapton FPifdce

Die —
Configuration o T S Z Fracture Mode
Full Die 20.245.1 34.5+3.4
Mid Di 41.0+3.9| 37.3+6.4 Interface
iabie 5.142.3 | 40.7+3.6

8.3 Sintering Temperature

As temperature increases, substrate hardnessadesreSpecially, for organic
substrate materials, each has its own level of éatpre at which the substrate material
gets much softer, which is called a glass transitemnperature (Tg). Process temperature
above their glass transition temperatures sigmflgadecreases their hardness. The

hardness decrease at the NPS sintering temperahaee Tg can contribute to the
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increase of the interfacial adhesion strength betwBPS and the organic substrate
material based on the NPS adhesion prediction model

The glass transition temperature of Kapton FPC Kapgton HN is between
360C and 410C based on the manufacturer’s data (Dupont, 2009)shown in Figure
8.5, the sintering process at 440 improved the sidhdevel of Kapton FPC, Kapton
HN, and even Glass from OB at Z80sintering to 5B.

As observed in section 4.3.1, the adhesion lemebfganic materials depends on
the substrate materials and the sintering tempestd he adhesion levels based on the
ASTM tape test with different sintering temperatufer organic substrate materials are
listed in Table 8.3 along with the glass transitiemperatures for the organic materials. It
can be noticed that the adhesion level is distsiged at the sintering temperature below
and above Tg of each material. These results vérdythe NPS adhesion improvement
can be achieved by decreasing substrate hardnessiated with sintering temperature

and glass transition temperature.

5]
4 L
Tape Test
B-Scale
3 L
2 L
1
440 440°C 440%C
2307 230C 2307
0  — : —— : —
Kapton FPC Kapton HN Glass

Figure 8.5 Sintering Temperature effect
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Table 8.3 Tape Test Results at various sinterimgpézatures

Material Kapton KJ| SS 415 BCB FPC HN
Tg 210C 180-185C | >350C | 360-410C | 360-410C

174 0B 0B 0B 0B 0B
Sintering 182 0B 0B 0B 0B
Temp. 2B 0B 0B 0B
[C] 0B 0B 0B
0B 0B 0B

440

8.4 Surface oxide removal

Removing the surface oxide layer can decreassutface hardness of metals as
shown in Table 7.14. The hardness decrease rdsuttse increase of NPS adhesion
strength based on the NPS adhesion prediction mdtel adhesion strength increase is
due to the additional van der Waals force assatiaiéh the contact area increase. The
significant increase in predicted adhesion strengtiior aluminum by removing the
aluminum oxide layer on the surface. This increaftsgbout 5 times in adhesion strength
is expected not only because the aluminum oxideery hard compared with other
surface oxide layer, but also because the alumisisuftest of the test materials.

The softening coefficients of hardness were asduimeCu20, Ag20, NiO, and
SiO2 surface oxide layer as the same value for theer materials. It is observed that
since the softening coefficients of hardness fet teaterials are almost the same order of
magnitude, the Vickers hardness at room temperatoutd tell the relative adhesion
levels for different materials.

It should be mentioned that in this study of scefaxide removal effect on the
NPS adhesion strength, diffusion was not considesed the predicted strength in the
Table 8.4 is solely based on the NPS adhesion gireaimodel associated with van der
Waals force. Cu and potentially Ag seem to reachWPS and to form diffusion-like

layer at the interface. As discussed in sectiorb51Be interfacial tensile bond strength
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between Cu and NPS based on the MBST was larger7®&@MPa, which is appreciably

larger than 30.1Ma without diffusion as in Tablé.8.
Table 8.4 Effect of surface oxide on adhesion gfiten

Vickers Softening Coefficient Hardness Predicted
Material| Hardness of Hardness at 230C Adhesion Strength
(Ho, MPa) (So, 10-4PC) (H, Mpa) [MPa]
Cu20 1600 *12.3 1206 16.1
Cu 680 12.3 512 30.1**
Al203 23000 7.85 19201 9.5
Al 415 23.3 243 62.6
Ag20 1350 *9.3 1090 21.1
Ag 600 9.3 484 35.6**
NiO 4800 *10.0 3814 10.6
Ni 1325 10.0 1053 16.7
SiO2 12015 *9.5 9657 11.3
Si 2540 9.5 1672 18.5
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CHAPTER 9

SUMMARY AND FUTUREWORKS

9.1 Conclusions
A key mechanism of NPS adhesion to substrate rabgtewas found to be

physical bonding, which is a general particle aghresnechanism due to van der Waals
forces. Based on the van der Waals forces, an mxthesodel was developed and it
provides a first order estimate of the NPS adhesiength to packaging materials. In the
NPS adhesion prediction model, the significant adime factors were found to be
substrate hardness and adhesion distance. Suldsrdigess is a dominant factor in NPS
adhesion strength. Adhesion distance effect cakedliom surface energy change was a
significant factor especially in the low hardneasge. Finally, in order to improve the
adhesion strength of NPS, plasma treatment, Amiaoes coupling agents, higher
sintering temperature, and surface oxide removak Hzeen verified as improvement
methods.

Besides the physical bonding, diffusion or otheteifacial reactions between

NPS and metal substrates such as copper and séeens to exist because a diffusion

like layer was found at the interface of silver aaghper based on the AES analysis.

9.2 Contributions
An innovative rapid prototyping technology for moesystems packages, which
integrates existing technologies, has been denaiadtto potentially reduce packaging
turn-around time from months to days. The rapidkpge prototyping technology will

allow package designers to rapidly and less expelysimake tangible prototypes of their
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designs so that they have functional packagesdsting and communicating design
concepts with co-workers or customers.

A key NPS adhesion mechanism has been identifieth@a physical bonding
mechanism attributed to van der Waals force. Sitice internal van der Waals
forces are high enough to deform the substrates whe substrates are heated, the NPS
bonding can be achieved without external presssrepgposed to any regular bonding
processes.

NPS adhesion prediction model has been developkith provides explicit
relationships between NPS interfacial tensile bsinength and adhesion factors such as
substrate hardness, adhesion distance, van des Waadtant, and particle diameter. The
NPS adhesion model has been verified as an apptepadhesion model using
experimental data from sixteen packaging materials.

A quantitative adhesion test method has been deedlto measure NPS adhesion
strength. The newly developed adhesion test methbath is called a modified button
shear test (MBST), has been used for validating\dR& adhesion prediction model. The
MBST is generic in nature and can be extendedherdhin films’ adhesion tests.

Guidelines for improving adhesion strength of N&8 provided based on the
NPS adhesion prediction model. The adhesion stnecat be enhanced by the contact
area increase due to the substrate surface deformét the organic substrates to NPS
adhesion, the adhesion level increases as theratgbsbftens and thus deforms more
with increasing sintering temperature, which is euidence of the particle adhesion
mechanisms. The adhesion level increase in theyamiz substrates by removing the
very hard oxide layers on the surface has beenedptained by the particle adhesion
mechanism.

Additional methods for NPS adhesion improvementehbeen evaluated. The

163



addition of Silane coupling agent improved the aithre level of Kapton FPC, Kapton
HN, and BCB. Plasma treatment using O2, N2, and &#anced the adhesion level of
Kapton FPC and Kapton HN. Higher Sintering tempamtsuch as 440 works for

improving adhesion of Kapton FPC, Kapton HN, an@érelass. Removing surface
oxide such as Cu20 and Al203 from Cu and Al subsstnaspectively, contributes to

adhesion improvement as expected from adhesioncpiicedmodel.

9.3 Future Works
Interfacial reactions and their effect on NPS adihre strength between NPS and
metals such as Cu and Ag needs to be investigatdtef since diffusion-like layer was
observed in the NPS-Cu interface. Figure 9.1 shtbesnterface between NPS/etched Al
using Focused lon Beam (FIB) etching techniquefuBién layer does not seem to exist
from this picture. The interfacial tensile bondesiyth between NPS and etched Al was
almost the same as that predicted from the adhgsxfiction model based on van der

Waals forces without considering diffusion.

Figure 9.1 Focused lon Beam (FIB) sample of NP8éstAl

The adhesion mechanisms of Nano-particle Gold (NRGd Nan-particle
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Copper (NPC) are expected to be the same as thdP8Sfbecause they would have the
same composition of nano-particle metal, dispersigent coating on the particles, and
solvent. In order to confirm the extendibility ofileesion mechanisms of nano-particle
conductors, additional nano-particle metals suchgekl and copper needs to be
examined.

According to the NPS adhesion prediction modes, idrger particle size, the
lower strength is expected. In order to confirns axpectation, particle size effect on the
adhesion strength using larger particle size tham&uch as 50 nm or 100nm should be
experimented.

Although it is generally known that adhesion tegtincludes large scattering, it
is recommendable to use additional interfacial bet@ngth measurements such as
Scratch Test, Blister Test, Indentation Test, aaser spallation test.

Effect of Adhesion on other properties such astiggy and reliability should be
studied to achieve higher performance packages, Alee NPS thickness might be

related to NPS adhesion strength because thick8rfilNR tends to remain solvent in it.
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APPENDIX A

MBST ANSYS CODE

I'Unit

I Force [N], Length[um], E[N/um”2]

I Stress: N/um”2 = 10M2 Pa = 10"3 GP4
1100 GPa=0.1 N/um”"2

adhesive_dia = 2345 ![um]
Fracture_Force = 116.6 ! [N]
adhesive_thick = 204 ![um]

Sub_size = 10000 !fum]
Die_size =5000 ![um]
Die_thick = 675 ![um]

NPS_thick = 2 Jum]
LCP_thick = 50 'flum]
Cu_thick = 18 Jum]

Frac_Pressure =

Fracture_Force/(Die_size*Die_thick)

[N/um2]
esize_1 =20 !default=20
esize 2=45 !default=50

esize 3=30 !default=50

Iprep7

k,1,0,0,0,

k,2,0,0,adhesive_thick,

I'line no.1

L,1,2
k,3,0,0,adhesive_thick+Die_thick,

L,2,3 I'line no.2
k,4,0,0,-NPS_thick

L,1,4 I'line no.3
k,5,0,0,-NPS_thick-LCP_thick

L,4,5 I'line no.4

k,6,0,0,-NPS_thick-LCP_thick-Cu_thick
L,5,6 lline no.5
et,1,200,6 ! plane 42 or mesh 200, 6
et,2,45 I Brick 45
pcirc,0,Adhesive_dia/2,0,360

*do,ra,1,11
radi=2*ra*ra

pcirc,0,Adhesive_dia/2-radi,0,360
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*enddo
rect,0,Sub_size/2,0,Sub_size/2
M x1,x2,y1,y2
rect,-Sub_size/2,Sub_size/2,0,Sub_size/
rect,0,Sub_size/2,0,-Sub_size/2
rect,-Sub_size/2,0,-Sub_size/2,0

wpoff,0,0,adhesive_thick

I move working plane
pcirc,0,Adhesive_dia/2,0,360
*do,ra,1,11

radi=2*ra*ra
pcirc,0,Adhesive_dia/2-radi,0,360
*enddo
rect,0,Die_size/2,0,Die_size/2
rect,-Die_size/2,Die_size/2,0,Die_size/2
rect,0,Die_size/2,0,-Die_size/2
rect,-Die_size/2,0,-Die_size/2,0
wpoff,0,0,-adhesive_thick

Il return to the origin

allsel

aovlap,all

asel,s,loc,z,adhesive_thick

P

CSys,1

Il Global Cylindrical Coordi.
WPCSYS,-1
asel,rloc,x,0,adhesive_dia/2

adele,all

CSYS,1

Il Global Cylindrical Coordinate
WPCSYS,-1

Isel,s,loc,z,0
Isel,r,loc,x,0,adhesive_dia/2
Isel,u,loc,y,0

Isel,u,loc,y,90

Isel,u,loc,y,180

Isel,u,loc,y,270

lesize,all,,,esize_2,1,,,,0

Isel,s,loc,z,0
Isel,r,loc,x,0,adhesive_dia/2-250

lesize,all,,,esize_1,2,,,,0

Isel,s,loc,z,0
Isel,r,loc,x,adhesive_dia/2-
250,adhesive_dia/2

Isel,r,loc,y,0
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lesize,all,,,1,1,,,,0 mat,3 I'NPS
Illesize,3
Isel,s,loc,z,0 amesh,all
Isel,r,loc,x,adhesive_dia/2-
250,adhesive_dia/2 allsel
Isel,r,loc,y,90
lesize,all,,,1,1,,,,0 CSYS,0
Il Global Cartesian
Isel,s,loc,z,0 WPCSYS,-1
Isel,r,loc,x,adhesive_dia/2- Isel,s,loc,z,0
250,adhesive_dia/2 Isel,r,loc,y,Sub_size/2,-Sub_size/2
Isel,r,loc,y,180 CSYS,1
lesize,all,,,1,1,,,,0 Il Global Cylindrical
WPCSYS,-1
Isel,s,loc,z,0 Isel,u,loc,x,0,Sub_size/2
Isel,r,loc,x,adhesive_dia/2- lesize,all,,,esize_1,1,,,,0
250,adhesive_dia/2 Isel,s,loc,z,0
Isel,r,loc,y,270 Isel,r,loc,y,0,360
lesize,all,,,1,1,,,,0 Isel,r,loc,x,adhesive_dia/2+10,Sub_size/2
lesize,all,,,esize_2,15,,,,0
allsel allsel
asel,s,loc,z,0 asel,s,loc,z,0
asel,r,loc,x,0,adhesive_dia/2 asel,u,loc,x,0,adhesive_dia/2
type,1 type,1 Il area meshing
I mesh 200 for area meshing mat,3 HIENPS
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amesh,all

allsel

CSYS,1

Il Global Cylindrical
WPCSYS,-1

asel,s,loc,z,0
asel,r,loc,x,0,adhesive_dia/2
CSYS,0

Il Global Cartesian

WPCSYS,-1

type,2

mat,2 11 epoxy
Isel,s,line,,1,,

lesize,all,,,5,30,,,,0 !l epoxy NDIV: 5

vdrag,all,,,,,,1

CSYS,1

Il Global Cylindrical Coordinate
WPCSYS,-1
Isel,s,loc,z,adhesive_thick
Isel,r,loc,x,adhesive_dia/2
Isel,r,loc,y,0,360

lesize,all,,,esize 2,1,,,,0

CSYS,0

IIl Global Cartesian Coordinate
WPCSYS,-1
Isel,s,loc,z,adhesive_thick
Isel,r,loc,y,Die_size/2,-Die_size/2
CSYS,1

Il Global Cylindrical Coordinate
WPCSYS,-1
Isel,u,loc,x,0,Die_size/2
lesize,all,,,esize_1,1,,,,0
Isel,s,loc,z,adhesive_thick
Isel,r,loc,y,0,360
Isel,r,loc,x,adhesive _dia/2+10,Die_size/2
Isel,u,loc,x,0,adhesive_dia/2
lesize,all,,,esize_3,10,,,,0

allsel

asel,s,loc,z,adhesive_thick

asel,u,loc,x,0,adhesive_dia/2

type,1 larea meshing
mat,1 Hi Die
amesh,all

Die_Z node =3

CSYS,0
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Il Global Cartesian Coordinate
WPCSYS,-1

allsel
asel,s,loc,z,adhesive_thick
Isel,s,line,,2,,

lesize,all,,,Die_Z node,1,,,,0

Il Die NDIV =3
type,2

mat,1 Il Die

vdrag,all,,,,,,2

Il Add this part only for Mid Die Shear!!!
allsel,

esize,, 15

asel,s,loc,y,-Die_size/2

vext,all,,,,-Die_size/2,,

Il This part only for Large Die Shear !!!
allsel,

esize,, 15

asel,s,loc,y,-Die_size/2

vext,all,,,,-Die_size,,

allsel

asel,s,loc,z,0
Isel,s,line,,3,,
lesize,all,,,2,1,,,,0
INNPS NDIV =2
mat,3 M NPS

vdrag,all,,,,,,3

allsel
asel,s,loc,z,-NPS_thick
Isel,s,line, ,4,,
lesize,all,,,5,10,,,,0
MMLCP NDIV =5
mat,4 HILCP

vdrag,all,,,,,,4

allsel
asel,s,loc,z,-NPS_thick-LCP_thick
Isel,s,line,,5,,

lesize,all,,,1,1,,,,0

MCuNDIV=1
mat,5 Cu

vdrag,all,,,,,,5

IlI--- Material Properties attributes ---!!!
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allsel

nummrg,kp mp,ex,Epoxy,0.0042 ! epoxy
nummrg,node mp,nuxy,Epoxy,0.34
nummrg,kp mptemp,,25,119,150

mpdata,ALPX,Epoxy,,62E-6,197E-

/number,1 6,197E-6
/pnum,mat,1
eplot mp,ex,NPS,0.083 I'Ag (NPS)

mp,nuxy,NPS,0.37
allsel mp,ALPX,NPS,19E-6
*get,par_nd,node,0,count
*get,par_el,elem,0,count mptemp,,25,50,100,150,200 !'LCP
mpdata,ex,LCP,,0.002255,0.0016,0.00085,

M-ee-- Material Specification ------ 1 0.0004,0.0002
Il Select materials as needed!!! mp,nuxy,LCP,0.3
Iprep7 mp,ALPX,LCP,17E-6

mp,ALPY,LCP,17E-6
mp,ex,Die,0.13 !l E=130 [GPa] for Die| mp,ALPZ,LCP,150E-6
mp,nuxy,Die,0.28
mptemp,,25,127,327 mp,ex,Ni,0.2 | E=200GPa for Ni
mpdata,ALPX,Die,,2.6E-6,3.22E-6,3.8E-6 mp,nuxy,Ni,0.31
mp,ALPX,Ni,13.4E-6
mp,ex,Si,0.13 1 130 [GPa] for Si, SiOZ
mp,nuxy,Si,0.28 mp,ex,Cu,0.127 N Cu
mp,CTEX,Si,2.6E-6 mp,nuxy,Cu,0.34
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mp,ALPX,Cu,17E-6
mp,ex,Aluminum,0.070 " Al (70GPa)
mp,nuxy,Aluminum,0.35
mp,CTEX,Aluminum,23.1E-6
mp,ex,FPC,0.0028 !l FPC, HN ~ BCE
mp,nuxy,FPC,0.34
mp,CTEX,FPC,20E-6
mp,ex,Si3N4,0.310 !l Si3N4
mp,nuxy,Si3N4,0.27
mp,CTEX,Si3N4,3.3E-6

Asel,s,loc,z,-
(NPS_thick+LCP_thick+Cu_thick)
DA, all,all,0

allsel
Tref,150
bf,all,temp,25,,,

Il Select for each test configuration !!!

/psf,pres,norm,2,0,1
Asel,s,loc,z,Adhesive_thick,Adhesive _thi
ck+Die_thick

Asel,rloc,x,Die_size/2
SFAall,1,pres,Frac_Pressure

Ipsf,pres,norm,2,0,1
Asel,s,loc,z,Adhesive_thick,Adhesive _thi
ck+Die_thick

Asel,rloc,x,Die_size/2

Asel r,loc,y,0,-Die_size
SFA,all,1,pres,Frac_Pressure

/psf,pres,norm,2,0,1
Asel,s,loc,z,Adhesive_thick,Adhesive_thi
ck+Die_thick

Asel,rloc,x,Die_size/2
Asel,r,loc,y,-Die_size/2,-Die_size/2-
Die_size

SFA,all,1,pres,Frac_Pressure
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/psf,pres,norm,2,0,1
Asel,s,loc,z,Adhesive_thick+Die_thick

SFA,all,1,pres,-Frac_Pressure

I Affect speed and accuracy in solution
legslv,iter,1e-5 ! EQuation SolLVer
Egslv,PCG,1e-5,

I EQuation SolLVer = PCG !l

PCGOPT,auto,,auto,off,off, auto

allsel

solve

distance = 250

Il Select angle for each test configuratio
angle=0 ! Full Die & Pull-Off
angle=-30 ! Mid Die

angle=-72 ! Large Die

IMAvg. S_Z Calculation !!!

CSYS,1 ! Global Cylindrical Coordi.

WPCSYS,-1

nsel,s,loc,z,-NPS _thick
nsel,r,loc,y,angle
nsel,r,loc,x,adhesive_dia/2-

distance,adhesive_dia/2

*get,Node_No_z,node,,count
*Dim,Pos_z,Array,1,node_no_z+1,1

*Dim,str_z,Array,1,node_no_z+1,1

*do,j,1,node_no_z
*get,ndxmin,node,,mnloc,x
picknd=node(ndxmin,0,-NPS_thick)
*get,stress_z,node,picknd,s,z
str_z(1,j,1)=stress_z
Pos_z(1,j,1)=ndxmin

nsel,u,,,picknd

*enddo

sum_str_z=0
sum_str_z=sum_str_z+Str_z(1,1,1)*(Pos_

z(1,1,1)-(adhesive_dia/2-distance))
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*do,j,2,node_no_z

sum_str_z=sum_str_z+(Str_z(1,j,1)+Str_|

(1,j-1,1))/2*(Pos_z(1,j,1)-Pos_z(1,j-1,1))

*enddo

avr_s_z=sum_str_z/distance*1000000

I result x 106 = MPa

nsel,s,loc,z,-NPS _thick
nsel,r,loc,y,angle
nsel,r,loc,x,adhesive_dia/2-

distance,adhesive_dia/2

*get,Node_No_xz,node,,count
*Dim,Pos_XZ,Array,1,node_no_xz+1,1

*Dim,str_XZ,Array,1,node_no_xz+1,1

*do,j,1,node_no_xz
*get,ndxmin,node,,mnloc,x
picknd=node(ndxmin,0,-NPS_thick)
*get,stress_xz,node,picknd,s,xz
str_XZ(1,j,1)=stress_xz
Pos_xz(1,j,1)=ndxmin

nsel,u,,,picknd

N

*enddo

sum_str_xz=0
sum_str_xz=sum_str_xz+Str_XZ(1,1,1)*(

Pos XZ(1,1,1)-(adhesive_dia/2-distance))

*do,j,2,node_no_xz
sum_str_xz=sum_str_xz+(Str_xz(1,j,1)+St
r_xz(1,j-1,1))/2*(Pos_xz(1,j,1)-
Pos_xz(1,-1,1))

*enddo

avr_s_xz=sum_str_xz/distance*1000000

I result x 106 = MPa

nsel,s,loc,z,-NPS _thick
nsel,r,loc,y,angle
nsel,r,loc,x,adhesive_dia/2-

distance,adhesive_dia/2

*get,Node_No_yz,node,,count
*Dim,Pos_yz,Array,1,node_no_yz+1,1

*Dim,str_yz,Array,1,node_no_yz+1,1
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sum_str_yz=sum_str_yz+Str_yz(1,1,1)*(P
*do,j,1,node_no_yz os_yz(1,1,1)-(adhesive_dia/2-distance))

*get,ndxmin,node,,mnloc,x

picknd=node(ndxmin,0,-NPS _thick) *do,j,2,node_no_yz
*get,stress_yz,node,picknd,s,yz sum_str_yz=sum_str_yz+(Str_yz(1,j,1)+St
str_yz(1,j,1)=stress_yz r_yz(1,-1,1))/2*(Pos_yz(1,j,1)-
Pos_yz(1,j,1)=ndxmin Pos_yz(1,-1,1))

nsel,u,,,picknd *enddo

*enddo

avr_s_yz=sum_str_yz/distance*1000000

sum_str_yz=0 ' result x 1076 = MPa

175



APPENDIX B

PARTIAL DERIVATIVES

For the calculation of the partial derivatives ngsiMatlab, the symbols for

average stresses were replaced_as:z T1, 61=S1,1. =T2, and o2 = S2.

S
o= PASTL = 1/2/(T112"S2"2-T2"2"S1"2)/(T1"2- T2A2)YIR) (X T1*S2"2/(T1"2-
T1

T2/2)-25(T1A2*S212-T2/2*S12)/(T1/2-T2/2)A2*T 1)

S
S = PASSL = -1(T1"2S22-T2"2*S172)/(T12-T2 )Ry T2N2"S1/(T1"2-
o1

T272)
0S
or2

2*T2*S1N2/(T1N2-T27"2)+2*(T1/2*S2/2-T2/2*S1M2)[(T1AT 27 2)"2*T2)

= pdST2

1/2/((T172*S2/2-T2/2*S1A2)/(T1/2-T 220 12)*(-

8S
S = PdSS2 = 1/(T1'2S202-T22*S12)/(T1N2-T2 )P T1r2"S2/(T112-
02
T2/2)
oz
—— = pdZTl = 1/2/(T1A2%(T1/2*S2/2-T2/2*S172)/(T1A2-T2N((T1/2*S272-

T1
T2/2%S172)/(T172-T2/2)-S1/2))NL/2)*(2* T1*(T 1A 2*SZL T2/ 2% S1/2)/(T12-
T2/2)/((T1A2*S2/2-T2/2%S12)/(T12-T2/2)-S172)+ 2+ TR*S272/(T 1/ 2-
T2/2)/((T1A2*S2/2-T2/2%S12)/(T12-T2/2)-S112)- 2+ TR*(T 112+ S212-
T2/2%S172)/(T12-T2/2)A2/((T1/2*S2/2-T2/2*S172)/(TR-T212)-S112)-
T1A2%(T1A2%S212-T2A2+*S1/2)/(T1M2-T212)/((T172*S2/E2A2+S172) (TN 2-T212)-
S1A2)A2*(2XT1*S2A2/(T1N2-T2A2)-2+(T1A2*S2/2-T2/2*SD)/(T172-T2A2)"2*T 1))
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oL
Py = pdZS1 = 1/2/(T1"2*(T1"2*S2/2-T2"2*S1"2)/(T1"2-T2)((T1"2*S2"2-
o1

T2/2*S1A2)/(T1N2-T272)-S1A2)N(LI2)*(-2¥ T 1A2¥ T 282 F (T1A2-T2/2)I((T1/2*S2A2-
T2/2*S1/2)/(T1N2-T272)-S112)-T1N2*(T1A2*S2/2-T2A2482)/(T1/2-
T2/2)/((T1/2*S2/2-T2/2*S172)/(T1A2-T272)-S1/2) 2 T2A2+S1/(T1/2-T2A2)-
2*31))

az
oS

2*T172*S"3/(S"2-S172)"2)

= pdZS = 1/20(T172*SM2/(SM2-S1/2))N(L/2)*(2* T1A24GN2-S112)-

MATLAB CODE

close;
ITensile & Shear for load 1 and load 2
syms T1 S1 T2 S2

S=SQRT((T172*S2/2-T2"2*S1"2)/(T172-T2"2));

pdST1=diff(S,T1);
pdSS1=diff(S,S1);
pdST2=diff(S, T2);
pdSS2=diff(S,S2);

syms S
Z=SQRT(T1"2*S"2/(S"2-S1"2));
pdZT1=diff(Z,T1);
pdZS1=diff(Z,S1);
pdZS=diff(Z,S);

ILCP315
T1=38.7; S1=30.1; T2=17.7; S2=45.0; S=48.1,

PAST1=1/2/((T1/2*S2/2-T2/2*S172)/(T1A2-T2/2) NIRRT 1*S2/2/(T1A2-T22)-
25(T1/2*S2/2-T2/2*S172)/(T1M2-T2/2)2*T1)
PASS1=-1/((T12*S2/2-T2A2+S12)/(T1/2-T2A2)YN(1/ARA2*S1/(T1/2-T2A2)
PAST2=1/2/((T1/2*S2/2-T2/2*S172)/(T1A2-T2/2) N LARR*T 2+ S172/(T172-
T2/2)+25(T1A2¥S2/2-T2/2*S1A2)/(T1/2-T2A2)"2*T2)
PASS2=1/((T1/2*S2/2-T2/2*S1/2)/(T1A2-T2/2))N(L/2)FT2*S2/(T172-T2"2)
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PAZT1=1/2/(T1A2*(T1A2*S2/2-T2A2*S1/2) (T 1/2-T2A2f 1A 2*S212-
T2/2*S112)/(T172-T2/2)-S1/2))N1/2)*(2* T 1*(T 1/ 2*SZ T2/ 2+S1/2) (T1N2-
T2/2)/(T1/2*S2/2-T2/2*S172)/(T1A2-T2/2)-S1/2)+ 2+ T3*S22/(T1A2-
T2/2)/((T1/2*S2/2-T2/2*S172)/(T1A2-T2/2)-S1/2)- 2+ TR*(T1/2+S2A2-
T2/2*S1/2)/(T1A2-T2A2)A2/((T1A2*S2/2-T2A2*S1/2)/(TR-T2A2)-S172)-
T1A2X(T1A2*S2/2-T2A2*S1A2)/(T1/2-T2A2)/((T1N2*S2A 272+ S1A2)(T1/2-T212)-
S1A2)A2*(2¥T1+S2/2/(T172-T2/2)-25(T1A2*S2/2-T2A2* Q) /(T1/2-T22)"2*T 1))
pAZS1=1/2/(T12¥(T1/2*S2/2-T2/2*S172)/(T1A2-T2A T2+ S 212-
T2/2*S1/2)/(T1A2-T272)-S1A2) YN (L/2)*(-2¥ T1A2* T2 2*F(T112-T2/2)/((T1/2*S272-
T2/2*S1/2)/(T1A2-T272)-S112)-T1A2*(T1A2*S2/2-T2A2492)/(T1/2-
T2/2)/((T1/2*S2/2-T2/2*S172)/(T1A2-T2/2)-S1/2) A 2RET 2/ 2+ S 1/(T1/2-T2A2)-
2*S1))
PAZS=1/2/(T1/2*SA2/(S2-S172))N(1/2)*(2* T 1A2*S/(SIRLA2)-2* T 172+ SA3/(SN2-
S1/2)72)

ILCP315
deltaT1=4.4; deltaS1=3.9; deltaT2=2.2; deltaS2=4.0;

deltaS=((pdST1*deltaT1)"2+(pdSS1*deltaS1)"2+(pdSI2taT2)"2+(pdSS2*deltaS2)"
2)"0.5

deltaZ=((pdZT1*deltaT1)*2+(pdZS1*deltaS1) 2+(pdZ S S)"2)10.5
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APPENDIX C

SURFACE ENERGY CHANGE

The contact angles of Kapton KJ and NPS film wittee different liquids were

measured using Goniometer as shown in Figure 4ridbtheir results are summarized in

Table C.1. In the contact angle measurement, 5cegpt were used for each liquid and

each substrate.

Table C.1 Contact Angles of Kapton KJ

Contact Angle [meaho °] Surface Energy
Materials Change
water Glycerol | Diiodomethane [mean, mJ/fi
Kapton KJ 70.345.3 59.84+3.5 28.7+1.3 89.0
NPS film 82.4+3.7 69.5+£3.9 36.74£3.1 84.4

Since the surface energies of the three liquigskaown as in Table C.2, the

Young and Dupre equation, Equation C.1, can be tsdthd the surface energies of

Kapton KJ and NPS film.

Table C.2 Surface energies of three liquids [MP/m

Liquids T v o ¥
Water 72.80 21.80 25.50 25.50
Glycerol 64.00 34.00 3.92 57.40
Diiodomethane| 50.80 50.80 0.00 0.00
Y (14 €09 ) = 2672 v5¥ +4y5 ¥4 +470 v5)
Vo (L4 00D ge) = 26/72 vEY +1/ve v5 +VE vs) (C.1)
Yo (L+coBpe) = 26/v5Y vhY +1vp v +475 15)
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By putting the values of surface energies intodfigum (C.1), three equations in
series for calculating surface energies of sulesti@apton KJ, are obtained as Equation

(C.2).

72.8(1+cos(70.3)) 2(,/v5Y x218+,/25.5¢y§ +4/255x75)
64.0(1+c0S(59.8)) 2(y/v5" x340+1/3.92¢ 75 +4/57.4¢y5) (C.2)
50.8(1+C0S(28.7)) 2(,/v5" x50.8++/0x 5 +4/0xv5)

By solving the third equation in Equation (C.29;W Is directly obtained for
Kapton KJ as 44.72mJfmBy putting this number into the two other equatiand
solving them, Y& and v are obtained as 0.17 m¥/and 9.31mJ/f) respectively.

Likewise, the equations for NPS film can be sedspEquation (C.3), and the
surface energies of NPS film can be obtained byirsglthe equations. The surface

energies of Kapton KJ and NPS film obtairaed listed in Table C.3

72.8(1+C0S(82.4))k 2(y/ 75" x 21.8+4/25.5¢ v} +4/255x73)
64.0(1+C0S(69.5)k 2(/ 75" x34.0 +1/3.92¢y +/57.4x75) (C.3)
50.8(k+ COS(36.7)) 2( 75" x50.8 ++/0x 5 ++/0x73)

Table C.3 Surface energies of substrates’J/m

Liquids Vs vs Ys
Kapton KJ 44,72 0.17 9.31
NPS film 42.21 0.06 3.93

The surface energy change after bonding NPS totdkaKJ can now be
calculated by putting the values of surface ensrgieTable C.3 into Equation (C.4),

resulting in 89.0mJ/fn

Ay = 2607y s s v s ) (C.4)
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