Ultra-Fine Pitch Stencil Printing for a Low Cost and

Low Temperature Flip-Chip Assembly Process

R. Kay', S. Stoyandy G. Glinskf, C. Bailey, M. Desmulliez®

"MicroStencil Limited, 20 Lee Crescent, Edinburgh{15 1LW, UK

“Centre for Numerical Modelling and Process Analysisiversity of Greenwich,
30 Park Row, Greenwich, London SE10 9LS, UK

3MicroSystems Engineering Centre, Heriot-Watt Unsitst Riccarton,
Edinburgh, EH14 4AS, UK



Abstract

This paper presents the results of a packagingepsolbased on the stencil printing
of Isotropic Conductive Adhesives (ICAs) that fothe interconnections of flip-chip
bonded electronic packages. Ultra-fine pitch (sQbrin), low temperature (100 C) and
low cost flip-chip assembly is demonstrated. Thecler details recent advances in
electroformed stencil manufacturing that use micgheeering techniques to enable
stencil fabrication at apertures sizes down tar@and pitches as small asn®0. The
current state of the art for stencil printing ofA€ and solder paste is limited between
150mm and 206@m pitch. The ICAs-based interconnects considerethis article have
been stencil printed successfully down tom®0 pitch with consistent printing
demonstrated at 9m pitch size. The structural integrity or the sieafter framing and
printing is also investigated through experimeptatnd computational modelling.

The assembly of a flip-chip package based on copglemn bumped die and ICA
deposits stencil printed at sub-100 micron pitchdescribed. Computational Fluid
Dynamics (CFD) modelling of the print performanceoyides an indicator on the
optimum print parameters. Finally an Organic Ligmitting Diode (OLED) display chip
is packaged using this assembly process.



1. Introduction

Consumer’s demand for lighter, cheaper, smaller amdrter electronic products
are pushing the electronic industry to utilise $heallest packaging footprint possible. In
that respect, flip-chip packaging is seen as tlaligpackaging platform to satisfy the
drive of portable electronics for more, faster alahser electrical I/O’s. In spite of its
superior packaging results, flip-chip packaging hat seen wide spread adoption until
recently as the primary interconnection technoldgg to the high costs coupled with
constant advances in alternative packaging teclgredo One of the main barriers to
utilising flip-chip packaging is the ability to alypthe mechanical and conductive
interconnects between the chip and the board. Guioveal techniques to deposit the
bumps do not offer the required performance in semh pitch, reliability, cost or
throughput.

IBM’s original C4 process used chemical vapour ¢&pm as its main method to
create the electrical connections. This procedesufrom the inherent limitation that the
deposition of the alloy material must be done imaguum chamber, which is a time
consuming and costly process [1]. It is also gdheexcepted that the area-array pitch
for evaporation does not go below 225um. When apptin requirements approached
200um, practically all packaging companies thagioally used evaporation migrated to
electroplating, which is also a low throughput e [2, 3]. Solder jetting has also been
identified as a suitable interconnection procesis, telatively new process is sequential,
costly and has not found its way into commercialnsiaeam production lines [4]. These
techniques cannot be easily adapted into a starfslelfl line where stencil printing is
commonly utilised. Furthermore, they do not allole tdeposition of Isotropic
Conductive Adhesives (ICAs).

ICAs can be deposited using daubing, dispensing @nting. Daubing is a
technique where pins match the pad configuraticsh @ dipped into a levelled ICA
mixture and then transferred to the pads. Thisgs®és suitable for low 1/O counts or
large pad pitches. Moreover, at fine pitches, tleme of adhesive transferred is too low

for reliable bumping. The dispensing process isitéth by the minimum capillary



diameter of the needle, around 204 from where the ICA is extruded. Dispensing is a
sequential process that becomes un-economicaeasuthber of I/O increases.

ICAs have a lower temperature curing regime thastmonventional solder pastes
[5]. This property is used advantageously by someradisplays or devices based on
flexible substrates. Also, a low temperature exp®sto devices during packaging
dramatically reduces the danger of stress indugedst of failures [6, 7]. Isotropic
conductive adhesive interconnects have electrizatigction and performance similar to
what a eutectic solder can offer, but do not rexgtlirxes or other toxic cleaning products
in the reflow process [8]. The Waste of Electrieald Electronic Equipment (WEEE)
directive is partly concerned with eliminating thee of lead in electronics products in
Europe. From this legislation being enacted ottegrions of the globe are adopting
similar laws [9]. ICAs in some instances can otierattractive replacement to such Pb-
alloys.

For many of the flip-chip packaging techniques soofighe processing of the
device can be carried out at the wafer level rathan at the singulatedie level. This
therefore offers the advantage of carrying somehef packaging process in a serial
manner. For wafer bumping, stencil printing hasnbeBown to be 2-10 times less
expensive than evaporation and electroplating [$6ncil printing can deposit millions
of interconnects in a single print stroke onto aety of different substrates (PCB, wafers,
die). Contract Electronics Manufactures (CEM’s)reuntly use stencil printing in most of
their SMT production lines. Stencil printing als@ed not require massive capital
investment and highly qualified technicians. Thestcadvantage, coupled with the ability
to deposit solder alloys and ICAs, makes it the tnadsactive option for high volume,
low cost flip-chip assembly.

A detailed explanation of a low cost high throughflip-chip assembly process
that utilises ICAs is first described. A criticahnp of achieving this assembly process is
the ability to stencil print through a metal fdlovel stencils that allow printing at finer
geometries are detailed. Computational modellinghen used to view the effects of
stress on the stencil. This modelling can givereight into the useable lifetime of the
stencil. The rheological properties of the adhesiaaterial are then fed into a

Computational Fluid Dynamics model to provide amight into the optimal print



conditions. Again, computational modelling is usedjive indications as to what design
parameters within the electronic package would idethe most reliable package design.
The micro-engineered stencil is then tested in $eofmprint performance with the ICAs.

Finally an end-user device is packaged using theassembly process which has a high

throughput and allows low temperature bonding.

2. Flip-Chip Assembly Process using ICA

2.1. Isotropic Conductive Adhesives

ICAs consist generally of a certain percentagmefallic conductive particles (25-
30% or higher volume loadings) dispersed in a pelyoresin, as shown in Figure 1.
The most common filler is silver (Ag) although tbere other types of metal fillers such
as nickel, gold, copper and metal coated particlése advantage of using silver to other
metal fillers is in its unique performance to coadelectricity even after oxidation. The
most commonly used resin in an ICA is epoxy, bineotchoices such as polyamides,

silicones and acrylic adhesives are possible.

Conductive Filler

Figure 1: Isotropic Conductive Adhesive (ICA) composition.

When this conductive adhesive paste is cured,illiee particles start to distribute
uniformly and as the polymeric resin shrinks theyme into contact and form an
electrically conductive network within the polymstructure (Figure 1). Because of the
nature of the metal particles network, the curman flow in any direction, hence the

term isotropic conductive adhesive. The present limited commkerngtdization and



application of ICAs is mainly owing to the limitedliability of adhesive joints. The poor

wetting properties of the adhesives may also cenisalignment problems in the bonding

process thereby lowering the assembly yields.

2.2. Assembly Process for Flip-Chip Packaging

Figure 2 details a flip-chip packaging process. Tmicrosystems 1",

printing of the conductive adhesive is carried @rto the pads of a substrate

through the apertures of a stencil. The microsystewice that has been manufactured

onto a die encompasses sub-100 microns pitch orieects made of copper columns

that have been electroplated onto pads. In "mictesy 2", this device is flip-chip

bonded using the ICA as the interconnect matetid].[As the bonding temperature is

carried out a room temperature, different kindsmérosystems can be accommodated

onto the substrate as shown in "microsystem 3". Tiierosystem device can be

manufactured onto a chip or a wafer; equally tHessate which accommodates the pads

can be a Printed Circuit Board (PCB), a die or &ewd he assembly process contains a

number of steps:

1.

o 0k wN

Stencil printing of ICA onto an organic substrate;

Copper columns fabrication and bump to chip bonding

Flipping the die onto the substrate;

Curing the adhesive to bond the substrate ancbdetlter;

Apply underfill to protect the ICA connections aggti thermally induced failure;

Assembling the end user device.

These steps are discussed in the following sulmsectvith an emphasis given to the

stencil manufacturing and ICA stencil printing pees at sub-100 micron pitch.
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Figure 2: Assembly process.

2.3 Stencil Printing

Stencil printing through a metal foil is a fast do@v-cost process for chip, board
and wafer bumping. To replace the evaporation ectedplating processes used in flip-
chip bonding and wafer scale bumping, it is impeeathat stencil printing at sub-10Mh
pitch be achieved in a reproducible and reliablenmea. Present metal stencil
manufacturing techniques based on wet etchingy leg#ting, or electroforming are
unsuitable for manufacturing sub-108 pitch stencils, as explained in Section 3. To
achieve the desired consistency and quality ofepgsints at ultra-fine pitch, novel
stencils were manufactured based on advanced mgirgeering techniques [12, 13].
The stencil surface and sidewalls of the apertes manufactured to a desired
specification to promote the maximum depositiomdiiesive into the apertures and onto

the substrate, respectively. Figure 3 shows a pginapt of the microengineered stencil.
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Figure 3: Microengineered stencil, &n pitch, 56rm diameter apertures.

2.4 Copper column fabrication and assembly
The next key step in the flip-chip assembly prodsghe formation of copper (Cu)

columns for stud bonding onto the silicon chip@-400Grm pitch [11]. In this process,
copper column bumps are initially fabricated onaarsicial polyimide film that is
deposited onto a quartz carrier. The bumps areltbeded via thermo-compression onto
the contact pads of the target silicon die. Tolitate this type of bonding, the aluminium
pads on the chip are plated with electroless niakel gold layers. The final bumped chip
is obtained by removing the carrier by laser abtatihe polyimide layer through the
quartz carrier. This novel approach has a numbadeéntages over the direct bumping
methods, such as reducing the back end processitigeodie, batch fabrication and
options for selective bump transfer.

The rest of the assembly process consists of aligand flipping the bumped die
onto the already printed substrate then curingptiekage. An underfill epoxy is used to

improve the reliability of this flip-chip package.

3. Microengineered Stencil Manufacture

The purpose of a metal stencil is to facilitate tifaasfer of specific materials which
possess the correct rheological properties to ,psinth as solder paste and conductive
adhesives through the aperture openings of a $t@mac a given substrate. Conventional
stencils are unsuitable for achieving sub b@@-deposits because the tolerance of each

aperture varies too significantly to produce simialumes of print deposits.



3.1 Conventional Stencil Manufacture
There are currently three conventional stencil nfacturing processes:
1. Chemically etched Chemically etching involves the photolithograppatterning of

a metal foil and then the placement of the patmandrel into an etching solution.
The unmasked regions are etched away, therebyirgeahae apertures. The problem
with chemical etching is that the foil material pslycrystalline and hence etches
isotropically. This artefact causes undercuttingolwethe resist mask, which is
difficult to control. This taper limits the spacitgtween apertures, called the web,
which must have a sufficient degree of metal tallibe stencil together while being
subjected to tensile forces occurring during treming and printing processes. In
addition, the etching solution etches faster al@pgcific crystal grains, hence
creating a rough, porous inner sidewall that isdcmive to clogging of the apertures
by the paste material. Double-sided etching mingsithe amount that the etching
solution can eat into the stencil, however thiscpss involves more complicated
processes which involve double sided photolithogyapIn practice, the minimum
pitch achievable through chemical etching is aro@%@m, however in most

applications other types of stencils are used itchgelow 500m.

2. Laser cutting Laser cutting is a process where a high poweerlagquentially
ablates each aperture in a predefined manner. Metadd polymer substrates are
typically used as the stencil material. Laser ogtis a sequential process, therefore
as the number of apertures increases, so doesdhesging time to produce each
stencil. The most common laser cut stencil matésiatainless steel. The laser-metal
interaction during the vaporising pulse producesnesoadverse effects during
manufacturing. Excess heat generated from theiablatep is transferred around the
punched hole causing a heat-melt reaction. Thiagteserough inner sidewalls, poor
aperture tolerance, and uneven stencil gasketdisibigi a polymer sheet as the
material for laser cutting is new to the marketcplaThe laser interaction with the
polymer material is much cleaner than with a méddl This produces a smoother
sidewall and better aperture tolerances. Howeveingihe printing process many



solder paste fluxes react with the polymer stematerial [14]. This incompatibility

seriously limits the available materials that canpbinted. In practice, the minimum
pitch achievable for reliable and reproducible stieprinting is currently limited to

around 156m pitch.

3. Electroformed stencilsare generated by the photolithographic patternifiga
photoresist which has been deposited onto a coméuctandrel such as to create a
mould that is the negative image of the stenciltdWlss then electroplated on top of
the conductive layer exposed by the patterned motilde photoresist after
electroplating is then chemically stripped awaynirthe apertures using a suitable
solvent material. Electroformed stencils currewfffier the best performance in terms
of fine pitch prints. The inner sidewalls are snimotthan for laser ablated and
chemically etched apertures. However current elémtmed stencils are still not
suitable for the manufacture of sub-b@® pitch stencils. The uneven thickness
distribution of the plated metal webs causes wegaitss within the stencil, and
therefore limits the web to approximately 40a6@ The photolithographic step also
does not produce in a repeatable manner a suitadalyrate mould for sub-&th

diameter apertures.

3.2 Microengineered Stencil Manufacture

Conventional stencil manufacturing techniques do a@tow the generation of
stencils capable of printing reliably below 1®0 pitch. The stencil shown in Figures 4a
& 4b was fabricated using an enhanced microengimg@rocess [15]. Perfectly vertical
sidewalls are produced due to a combination of metgry process steps, type of
photoresist used and the high collimation of thpasxre source. Stencils are produced
with apertures closely following the resist sidewaluring the electroforming process.
Through the controlled metal deposition at the atol@vel, this process generates the
desired mechanical properties with a uniform theds distribution and low internal
stress across the whole stencil. Custom built eqgeig used to fabricate the stencil
includes a highly collimated exposure gun and atatoblade machine. The resist is
coated by the spreading machine, which consist@ kifife-edge and micropositioners

(Figure 5). The micropositioners ensure that theremd and uniform thickness of
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photoresist is deposited across the wafer. Theekewiat is better at applying a planar
layer of thick photoresist than by spin coatingisTis due to the high viscosity of a thick

photoresist, solvent evaporation and the beadifegtetreated at the edge of the wafer
from the spin coat process.

(b)

Figure 4: Microengineered stencil: a) Optical image of sguand oval shape
apertures at 9@n pitch, and b) SEM images B diameter aperture 16t pitch.

Micropositioners

D

Figure 5: Doctor blading coating equipment.

In order to achieve consistent and reliable prihes paste must be able to roll
evenly across the surface of the stencil. Thismglinotion is caused by the driving force
of the squeegee and the resistance of the sten@ce. The proprietary electroforming
process enables the control of the surface roughoéshe stencil such as to permit

maximum deposition of the paste into the apertu#s.an example, Figure 6 shows the

11



comparison between the surface of a smooth standlrough stencil (note the rough

upper stencil surface).

Figure 6: Difference between (a) substrate and (b) squesigeeof stencil.

4. Modelling Results

The determination of the optimal process paramesersquired in order to achieve
enhanced print performance and reliability of tlesesmbled devices. In that respect,
numerical modelling of the stencil deformation affeaming and printing has been
undertaken. Computational Fluid Dynamics (CFD) wpplied to the printing process to
find the optimal printing parameters. Finally, camggional modelling is used to set up
important design trends for more reliable ICA jsim flip-chip packages and determine

the impact on joint degradation of the differensiga parameters.

4.1 Modelling Stencil Deformation

Parameterized finite element models of the sternvedse designed to investigate
the stencil stress levels and deformation causetthdoyraming and print force. A major
concern was the level of possible damage that cbelthduced on the stencil through
elastic deformation which would eventually leadnbisalignment of the prints to the
pads. The stencil pitch, aperture shape, apertiameder and magnitude of the force,
were modelled to characterize the trends of scaliogn the apertures to very small
pitch dimensions.

The models indicate that only ari@ deformation at the edge of stencil is induced

in a 144mm square Bfn thick stencil with aperture pitches down to 200 The

12



aperture diameter and framing tension were keptstamm at 56m and 38 N/cm,
respectively. Decreasing the pitch below @®0resulted in a nonlinear increment of in-
plane deformation, as shown in Figure 7a. Thesergeftions start to increase more
dramatically when moving into the sub-100 microttipirange. The highest stress levels
simulated are located in the middle of the webwketh the apertures. It was important
to identify, based on the modelling results, tlnt stencil is subject only to an elastic
deformation and the stresses are below the yieildt.pdhe maximum effective stress
ranged from 75MPa for no apertures up to 295MP& @om pitch with 50rm diameter
apertures (Figure 7b).
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Figure 7: a) Stencil deformation vs. aperture pitch, an&togss as a function of
decreasing pitch sizes.

An increase of the web decreases the effectivestreluced in the stencil. Figure
8 (left) displays the non-linear decrease in effecstress when the aperture diameter is
reduced and the pitch is kept constant ant®0As the aperture diameter increases from
25mm to 75mm the maximum effective stress on the nickel stencreases from 100 Pa
to 360 Pa. It was also found that a circular apersinape reduces the stress induced in
the stencil by almost 20% compared with the sqapesture, Figure 8 (right).
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Figure 8: Stencil stress as function of aperture size ardtape shape.

4.2 Modelling the Printing Performance

Computational Fluid Dynamics (CFD) was used to sateuthe macroscopic bulk

motion of adhesive paste ahead of a moving squeelgele during the stencil printing

process. Figure 9a details the geometric represemtaf the problem and Figure 9b

details the results of velocity vectors across #ubhesive paste. The computational

multiphysics code — PHYSICA [16] — was used forstheimulations.

Stencil

."."1.‘.1!111;1!* ;
PCE
a) b)

Figure 9: a) Schematic of paste roll, and b) Results obeigy vectors using non-
Newtonian CFD.

Non-Newtonian fluid dynamics is simulated by sotyihe Navier Stokes equations

for flow with the Cross Model constitutive law tharacterise paste rheology [17, 18].

Pressure, velocity, shear rate and viscosity tistions can be determined throughout the
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paste material. This analysis is performed for fpaste samples, an ICA (Isotropic
Conductive Adhesive) and SnPb solder using thelohesal test data. Figure 10 shows
the predicted pressure distribution in the pastea@the stencil surface for a blade angle
of 60 degrees and squeegee velocity of 1, 2, 34aaah/s. These distributions obtained
along the base of the paste roll are of particiiterest as the aperture filling process
depends on the paste behaviour and material prepeeincountered in the region

adjacent to the stencil surface.
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Figure 10. Pressure in paste material at different distafroes blade tip.

Particularly large pressure gradients are obseinvele region closest to the blade
tip for both the tin-lead and ICA samples. Thereaiconsiderable difference in the
pressure generated between the two paste samplegréssure seen by the ICA is much
higher than that observed by the tin-lead soldeghét pressure with a lower viscosity in
the blade tip region helps promote aperture fillhe CFD simulation results provide
parameters for flow characteristics of the pastewbich can be used for process control

of paste print quality and tuning the machine sg#i
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5. Print Results

Stencils with a 175mm x 175mm length andrB0thickness were fabricated. The
stencils contain a variety of square, circular gmahgular apertures ranging fromréa
all the way up to 100@n in diameter. A star test pattern was fabricatedhe stencil,
which has a constant aperture diameter with a walpig from 10m up to 100m
(Figure 11). In this design rows of increasing Ipitgere positioned at 45 angles from
each other. This type of pattern allows the deteatmn of the minimum print separation
that can be effectively printed before bridging wsc In addition, it provides an insight

into the effects of print stroke on sub-h®Q pitch printing.

Figure 11: Star aperture pattern - aperture spacing increagidgrm increments,
smallest websize of hon.

The stencils were mesh mounted onto a 29” diamaeminium frame using
conventional framing procedures and placed intoEKPB65 stencil printer for testing.
Cooksons Polysolder SE3001, which is a fine p&tiCIA, was used in this investigation.
The paste is deposited at room temperature andlmsequent reflow is necessary as it is
a conductive adhesiveA variety of print conditions were analysed basedtee insight
gained from the computational modelling. It waarfd that a print pressure of 6kg and
10mm/s print speed with no snap-off was the mdsicg¥e and enabled printing of the
ICAs down to 5@m pitch. Consistent prints were achieved for pnigtat 9@m pitch

and above as shown in Figure 12.
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() (b)
Figure 12: a) SEM Image of 9@m pitch adhesive print deposits, and b) Opticalgenaf
100mm pitch adhesive print deposits.

The physical characteristics of the deposits (hHeaid volume) were measured
using a Scanning Electron Microscope (SEM) and goAyewView 5200 scanning white

light phase-shifting interferometric system.

Figure 13: Side profile of adhesive deposit.

The ICA deposits have the form of a cone (Figurg a8like solder pastes deposits,
which are typically flat-topped. Adhesives tend rot release completely from the
aperture like solder pastes. This artefact of thieting process is caused by the stencil
acting as an array of micro dispenser tips. If sheface area of the aperture wall is
greater than the surface area of the substratesegpthrough the aperture, a small
portion of the adhesive will remain on the substrahilst the rest remains in the stencil

aperture [19]. For a %n thick stencil, this behaviour takes place forrape diameters
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less than 20@m. If the surface area of the substrate is grahtar that of the aperture,
the deposit released has a relatively flat top ankickness comparable to the thickness
of the stencil. This simplified explanation doest nake into account the wetting
properties of the substrate and aperture sidewalth also plays an effect in the fill and
release characteristics of the aperture. Figurghbdvs the variation in print height versus
aperture diameter. A linear variation of the defgoBeights as a function of the aperture
diameter was measured. From these results a ibdisiefis drawn on the figure as a
dotted line. The line has the equation:
y = 0.33x+3.333

where vy is the print height and x is the apertuagngter. Apertures with a &t diameter
yielded deposits roughly 2@n in height while 86m diameter apertures yielded deposits
30mm in height.

40
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Figure 14: Solid line - aperture diametemfn] vs. print heightifm];
Dotted line - best fit line (y = 0.33x + 3.33)

6. End User Device

The final phase of the project, as shown in Fig&revas aimed at proving the
feasibility of the developed assembly process lokaging end-user devices. One of the
project partners, MicroEmissive Displays (MED) [20Jas developed a technology,
which enables the manufacture of a full colour argdight emitting diode (OLED) array
directly onto a microchip. The OLED array works aa820 x 240 pixel microdisplay.

Currently MED package their display dies in moulgedstic modules, however in the

18



future the company would like the possibility oipfchip bonding this device. Directly
attaching the chip to the flexible substrate sarasd estate and reduces production
materials.

The conductive pillars were placed directly onte ttisplay chip and ICA was
subsequently deposited onto the substrate. Thevdgethen flip-chip bonded directly
onto the board. One of the issues was to ensunentthexfill did not flow directly onto the
display area of the device. A FR-4 board was marufad with a cavity to simulate the
display area. A suitable underfill was identifiddht could be applied to the edge of the
package and then flow between the chip and subsisahg surface tension effects. In the
case of the MED device there is an open region evtiez display illuminates from. The
underfill flows around the interconnects, betweée thip and the board but stops
flowing where it reaches the open cavity for thepthy as shown in Figure 15. The
complex and delicate 3-D structures on the surfdeeany MEMS and MOEMS devices
are easily damaged by the underfilling process.s Tdirect chip attach process
demonstrates a suitable method to ensure undedidls not damage these delicate
devices. Figure 16 shows images of the front aedbtick of the final packaged device.
Mechanical and electrical characterisation is stédeded to be undertaken in order to

ensure the reliability of the packaged microsystiawvice.

Figure 15: Cross section of flip-chip device.
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(@) (b)

Figure 16: a) Backside of MED test device, and b) Front &itiIED test device.

7. Conclusions

A low temperature, high throughput, low cost stepanting process based around
the use of ICAs has been demonstrated. This flip-aesembly process is well suited for
conventional SMT manufacture lines enabling lowtddscrosystems packaging. The
fabrication of 5@m thick stencils with extremely well defined apeetushapes and
smooth sidewalls has been critical in enabling grizcess. Stencil apertures have been
fabricated from 20m to 1000mm in diameter with a minimum web of i fabricated.
Modelling the stresses within the stencil aftemfiag and during the printing process
determined that only elastic deformation is seethénstencil.

Pressure, velocity, shear rate and viscosity tistions have been calculated
throughout the adhesive material using CFD modgltachniques. During the printing
process the pressure gradients seen by the ICAIth harger than that observed by the
tin-lead solder.

ICAs were printed down to B@n pitch with repeatable and consistent prints
demonstrated at @®n pitch and upwards. It was noticed that a con@iabetween
aperture diameter and print height can be drawm fitus study. As the aperture diameter
increases so does the height of the printed deposit

An end user device was assembled using the deuwktlopetemperature bonding,
high-volume packaging process. The use of capiflaw underfill demonstrated that an

open cavity can create a barrier to stop undeitblving onto the device due to the
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change in surface tension effects. This is esggdrmaportant because many MEMS and
MOEMS devices contain complex 3-D structures arnehagavities.

Finally, through this work, it is demonstrated tis&tncil printing can constitute a
strong alternative to evaporation and electroptptor wafer-scale packaging.
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