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Abstract

With the industry striving for smaller devices, new technologies are developed to further
miniaturize electronics devicebo this end, realization &D/nonplanarinterconnects, which
aim at miniaturizing the interconnects formed between components on the samglagevice
attracted many researchefdis thesis focuses @nfeasibility analysigor developing non
planar interconnects on various flexaldubstratessing laser assisted maskless microdeposition
(LAMM) , whichis a pressuress process here are two types of flexible substrates that are
used: doublesided copper substrates separated by a laysrlpéthylene terephthala(PET) as
well as apolyethylene terephthalatiexible substrate witlsurfacemounted resistors:or both
substrates, multiple types of experimentyeconductedo discoverproceduresvhichresult in
the highest rate of success for forming conductive interconr@gisal process parameters and
deposition techniqueseredetermned after multiple experiments. After experiments were
completed, the resultant substrates were subject to various characterization methodologies
including optical and scanning electron micrggg@nergydispersive Xray spectroscopyX-
ray diffraction and profilometeryThe result®f these methodologiese documented in this

thesis

After many types of experiments involving substrate manipulation of the deid#d
copper substrateg wasshownthat the silver nanparticles were more likely to form a

conductive interconnect when a polished slant was fabricated on the substrate.

Many deposition patterns were used for the flexible substrates with surtacged

resistors. Of these patterns t he t wo patterns, the 6zigzaghd

ar



have a much higher success rate for creating conductive interconnects compared to the other

patterns.

During this study, the results of the experiments using the LAMM process showishat t
technology has great potential for creating-ptamar interconnects on flexible substrafése
experimentdhiowever suggeshatthe process is very sensitive to thaterial compositioand
process parameters. As sualith a small change in parametethe 3D interconnectanfail to
be produced. It was also observed that the possibilgihar interconnectracturesis higher
where dissimilar materials with differetitermal expansion ratese used for thanderlying

substrate
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Chapter 1

Introduction

1.1 3D Interconnects for Flexible Substrates

Industries are constantly investigating new technologies and methods that will allow
them to prodce smaller and faster devicésaddition to miniaturization, the industry strives for
more reliable and higher quality devices, which leads to new technologies that grant
improvements such as using less material and consuming less energy duringrojigratio
Fabrication of 30nterconnects are orsichmethod that has garnered much interest and
researchTraditionally, components on elegnic devices are designed planarsurface,
however, as components are designed smaller, wire routing becomesom@tex, which can
lead to longer signalelays due to inefficient routing pattemnkile compromising the
miniaturization goalAs the industry isonstantlystriving for faster deviceshe aforementioned
problemneeds to be address@&y introducing ahird dimension into devices, routing patterns
can be more efficiently developed. This also allows substrates to be stacked, which allows for
shorter interconnects due to having more components in proxBhityter interconnects allow
shorter signal travieng time, and stacked substrates will allow components to be rearranged

such that there can be optimal component arrangements which reduce the interconnect length.

Stacked substrates also redtluesizeof devicesas well as allowing different types of
substrates to be combined on a single dewitie lessdifficulty. A very popular technology that
stacks substrates is wire bonding, which has been available for many decades. During these
decades, devicdmve been constanttiesignedo besmaller,to apoint wherewire bonding is

unable to meet some of the demands in miniaturization. Due to the desire to miniaturize devices



further, other technologies have been introduced such as thsdiegin VIAs and directwrite
printing. Certain D interconnect tdtnologiessuch as Aerosol® Jet depositialso allow
interconnects to be formed on nplanar surfaces, allowing manipulation of substrate designs as

well asforming interconnects on flexible substrates.

Although this technology holds very much promise substrates are usually restricted
to rigid substrates due to the sintering process, which takes place after deposition. The sintering
process will allow the deposited material to adhere well to the substrate, with the most common
form of sintering bein@ven or hotplate curing. Oven and hotplate curing have no issues with
rigid substrates, but flexible substrates are generally unabledtre the high temperatures
without distorting. This causes a problem, as flexible substrates are used in manyiamglica
and miniaturization of components on flexible substratealacehighly desiredSome flexible
substrate applications include devices that&posablemaking a need for a fast, casfficient

and low temperature process for creating 3d intereots on flexible substrates.

1.2 Thesis Objective

In this study, a method for creatin® &terconnectss applied tovariousflexible
substrate$o investigate the feasibility of this methadhile also adjustingxperimental
parameters to optimize tipeocess. The method involves using Aerosol® Jet technoldggh
is a relatively new technology that has been introduced for creating 3d intercomhects
pressurdessprocess also does not have multiple stages during the formation of the
interconnectsmaking the process a fast and {oast approach to creating interconnettse
formation of the interconnecis this process ialso lasefassisted, which allows for localized
sintering that will not damage hesgnsitive substrate€he flexible subsates in which the
interconnects are printed upomthis studyare planned to be used fwvariety of applications

2



such aglectrocardiography purposes. Flexible substrates are excellent for this purpose, as they
can conforntot h e mo v e me n tbody ds wall agppbeimgxanfodable and unobtrusive

to have under clothindresearch is conducted on developing-ptanar interconnects upon the
surface of flexible substrates for the purpose of analyzing a fast arefiecisht method of

forming nonplarar interconnects that can be used not only for electrocardiography purposes, but

also in any situation where nghanar interconnects are manufactured in large succession.

1.3 Outline

The thesis is outlined as follows: Ghar 1 contains the introductioncggoals of the project.

Chapter 2 includes literature review of some 3d interconnect technologies currently in existence
as well as their applications. Chapter 3 presents details on the technologgstasied maskless
microdeposition, which is usedrfthe experiments. Chapter 4 contains the experimental
procedures and results of experiments performed on deidadd copper substrates that have

been separated by a layempailyethylene terephthalat€hapter 5 contains the experimental
procedures andesults of experiments performed on flexible substrates with surface mounted
resistors. Lastly, Chapter 6 presents the conclusions drawn from the experiments as well as

recommendations for future work.



Chapter 2

Literature Review

2.1 3D Interconnect Techniques

There are a variety of 3D interconnect techniques that are available, with some
techniques already in use within the industityis chapter provides backgroundtbe
advantages and shortcomingsvafious 3D interconnect techniquesmely wire bonding,

through silicon VIAs and thin film deposition.

2.1.1 Wire Bonding

One of the first technologies that was discovered and used in the industry for crBating 3
interconnects was wire bonding. This technology invepleysically stacking substrates on top
of one alother and then routing wires that travel from one substratedibh@substrate that is

above or below it, as shown in Figure

Figure 17 Schematic showing an example of wire bonding on stacked djeslapted from[2]

There ae a variety of techniques to form a wirend;however, most of the techniques
rely on the same principl&he main principle consists of feeding a wire through a capillary, in

which the wire is then melted at the tip of the capillary to form a ball. &p#ary then presses



the newly formed ball of wire onto the contact pad. During contact, ultrasonic waves are then
emitted into the ball, which allows the ball to be welded onto the surface of the contact pad.
Once the ball is welded, the capillary mow@sards the second contact pad, while feeding the
wire out from the capillary. The capillary then presses down on the second contact pad, welding
the wire to the second contact pad. Afterwards, the wire is sheared from the capillary, resulting
in a wire bd bond formed on two contact padde most predominant material that is used for
wiring was gold. However, due to increases in the prices of gold, other mataaghlas copper

have been consider¢8, 4].

Wire bonding has existed for many decades,ansluch haecome a very mature
method and haseen used in very many industries for creating electronics. By allowing the
stacking of substrates, wire bonding reduces the total system size of elecsonisas
reducingthe signal travel timeHeteogeneous integration of different substrate materials is also
an option when stacking substrates, as the components are no longer required to be placed on the
same substra{&]. This is particularly useful for many purposes such as sensor array
applicatians, which rely on specific materials and require kdghsity circuitd6]. Wire bonding
is excellent in many casdsowever as the industry strives for smaller electroniosyw methods

and technologies are discovered in orderrgate smaller interconots.

With regards to flexible boards, wire bonding has a number of shortcomings. The first
shortcoming is theuspended wiresvhich can be applied to all 3D interconnect applications
The suspended wiréscrease the system size slightly due to the waoeging from one
substrate to another. This also causes some substrates to require a protective cover or mold to
prevent external forces from damaging the wire bonds. Although stacking of substrates reduces

the system size, the nature of wire bonding eauke entire system to be larger compared to

5



other techniques used in a similar fashion. Lastly, the formation of wire bonds requires the
capillary to press down the ball bond onto the substrate. Rigid substrates can tolerate the
pressure; however, whesed on flexible substrates, there can be cases of permanent
deformation due to the pressure induced by the ball bond creation grdcdsss is not to say

that wire bonding on flexible boards is impossible. Wire bonding on flexible boards can still be
accomplished througbse ofmore heat resistant substrates or compromising the speed,

temperature or wire composition of the prodéss

2.1.2 Through Silicon VIAs (TSVs)

A new D interconnect technology that has begun to gain much attention is that of
throughsilicon VIA s (TS\k). TSV technology usegIA s created in substrates to form
interconnects, which can be a lengthy process, but can provide very short interconnects. The
process is outlined in Figu& A VIA is first etched into the substrate, as showniguife 2(b).
Normally, the etching process is performed with theaisighographyand dry etching processes
such as reactive ion etchif@ 10]. However, there has also been some success with using laser
etching in order to reduce the cost of the ovgnadtess 11, 12]. Once theVIlA has been
formed, an insulation layer is deposited on the walls o¥/tiAe shown in Figur&(c), which can
be performed with deposition techniques such as chemical vapor depdégibna conductive
material is used to fithe VIA, shown in Figur@(d). This conductive material becostbe
interconnect itsé] which connects the bond padth® desired location on the substréftene is
required, aliffusion barrier layer can also be deposited along the walls &fithdefore filling

theVIA with the conductive materi@l3].



Photoresist Insulator Material Conductive Material

/
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Bond Pad
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Figure 2 - TSV formation process,adapted from [11], showing (a) photoresist deposition, (b) etching of theélA , (c)
deposition of the insulator material, and (d) depositin of the conductive material.

Compared to wire bonding, TSVs are able to provide a smaller system size, due to the
interconnects residing inside the substrate rather than outside. Consequently, the interconnects
are also shorter, which reduces signaVetling time as well. The process to creating a TSV
however, is an extremely lengtprocess, which generally involves manffetient stages of
manufacturinglue to the various etching and deposition processes that are reQuiecto. the
number of stags in this process, the cost of producing TSVs becomes a majoMssia¢ions
of producing TSVs have been investigated, such as using laser etching in the place of reactive
ion etchingor using mechanical caulking when assembling the substHdegever for the case
of laser etching, the resultant TSVs were intended for applications that valued low cost and did
not require higkspeed signal transmissiofid]. The use of mechanical caulking during
assembly can increase the speed of the process, whileing the cositL4]. Although an
improvement in terms of yie]dt remains that the process is still nhdtaged and require etching

due to the nature of TSVs.



2.1.3 Thin Film Deposition using Aerosol Jet® Direct Write Printing

Another technology for creati®D interconnects that has begun to gain attention is thin
film deposition.As opposed to wire bonding, which creates an interconnect suspended in air, and
TSVs, which create interconnects within the substrates, thin film deposition aims to create
conformalinterconnectslong the face of the substra@ne such technology that can perform
this task is the Aerosol Jet® systehhis system includes a pattegenerating device, such as an
ink deposition nozzle or laser optics, as well as a positioning stapis tomputer controlled
[15]. The process works by generating a mist of the conductive material, which is then injected
onto the substrat@he Aerosol® Jesystem is capable of printing on a langariety of
substrates, such as metals, glass, cerasota;, cells, polymer substrates and resits 17, 18,

19]. This systenis also capable of depositiagvariety of materialssuch as metals, polymers
adhesivesnd even singlavalled carbon nanotubgato complex patterns that can be made on

both planaand norplanarsurfaces 20, 21, 22].

By controlling the speed of the injection nozzle and the volume of silver that is deposited,
a variety of shapes and paths can be formed. Due to the material being in an aerosol form, the
substrate is not limited tmaterial or shape as long as there is proper adhesion between the
deposited material and the substrate. This allows the process to create tracks or patterns of
conductive material over neplanar surface#\ schematic showingn example of the types of

interconnects that can be formiedshown in Figuré.
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Figure 31 A schematic of deposited materialising a directwrite deposition technique

The directwrite technology is an additive process, as opposed to the traditional
fabricaton processes used in many manufacturing methods, particularly in integrated circuits,
which use subtractive processing methsgish as photolithography, naimprinting or various
etching techniquel3, 24]. The subtractive method is a medtage proces which is similar to
how TSVs are fabricated, with the use of chemical etching and photolithography. By using an
additive process, there is no need for chemical etchants or masks, which are rather expensive. In
addition, a mask must be created for eaatepn that is desiredthen using a subtractive
processbut with an additiv@rocess, only a CAD model is required for each pattern that is
desired25]. This makes the direatrite technology a much faster and cheaper alternative to the
existing subtracte methods for creating micigized patterns on substrates. However, the direct
write technology does not fare as well for larger scaled patterns, as it would take much more time

in order to draw the pattern onto the substrate. Using dinetd technolgy on patterns with the



width of multiple millimeters can be compared to that of painting a wall with a toothi8aste

images of deposited patterns are shown in Figure

50 um

» . P j X ” :
Figure 4 - Images showing various patterns of silvetracks deposited using an Aerosol Jet ® Deposition systeatterns
fabricated at the Multi -Scale Additive Manufacturing lab of the University of Waterloo.

After the material has been deposited, sintering will take place in order to cure the newly
deposité material. This process can be done in a variety of veag$, as with a laser, hotplate,
ovencuring or electrical sinterinf®6, 27]. For thermally sensitive substrates)tering methods
such as laser and electrical sintering that can be focused wwap#cific area agenerally
preferred ashese methodwill only heat the area in which the material has been deposited,
rather than the entire substrate, which can lead to thermal expansion probtmeagmgof
the substrateAlthough these methodse slightly more sophisticated, the sintering process can

be performed much faster.
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The system size of a substrate does not increase too greatly with the use-girdgect
printing, since the deposition is deposited as a thin film that is on theesofftee substrate,
making the system size reduction comparable to that of TSVs. Compared to wire bonding

however, the direetvrite printing process provides a much smaller system size.

The Aerosol Jet ® process does not perform very well for high fregugpdications,
where edge accuracy and surface roughness are extremely important. The Aerosol Jet ® system
is known to have variations in edge accuracy and occasionally overspray, which produces a
varying width of the deposited track. Inconsistent surfaoghness can lead to signal loss in
high frequency applications, due to the skin effect, where the current travels close to the outer
edge of the conductive material. Overspray can be reduced by controlling the process
parameters, but it is extremelyfitifilt to prevent it entirelyMarinov V and Atanasov Y
approached this problem and developed a metho
micromachining to produce a substrate witthannethat will contain the deposited material
shown in Figire5 [28]. The channel can be fabricated with a number of micromaching methods,
such as laser cutting, chemical etching, eleetream micromaching, etc. The purpose of the
channel is to contain the deposited material such that overspray has a very minchahetfie
system. Once tested, Marinov V and Atanasov Y found that the signal quality increased
significantly[28]. Bhattacharya S and Marinov V used a similar approach with laser etching
trenches within a substrate and achieved the goal of creatingomexsts within a close
proximity of around 6mim [29]. Although this method is capable of producing interconnects for
high frequency applications, the inclusion of micromachimiegeases costs greatly, and it must

be remembered that cost is one majordiatitat makes diresatrite printing very appealing.
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Figure 5 - Schematic showing a crossection of the deposited material inside the fabricated channeldapted from[28]

2.2 Applications

3D interconnects can be used in a varietgmpblicationsWith wire bonding being
available for the past few decades and being one of the most widely used techniques for creating
3d interconnects, it comes as no surprise for this technology to be used in a variety of industries,
such as automotivepmputer, communication and network applicati8@. Although the
applications remain the same, a desire to switch from gold wire bonding to copper wire bonding

is apparent, especially with the increasing prices on gold.

Some TSV applications includeBMs, mobile applicationsntegrated circuits and a
variety of sensors such as CMOS imagasors31, 32, 33, 34]. TSVs carbe applied to any
industry that uses devices that contain stacked dies or wafers, making TSVs applicable to many
industries immedigly. Though there are not many devices using TSVs that are on the market at
the moment, TSVs can certainly miniaturize devices, and much research is being performed to

make this technologmore affordable.

Aerosol® Jetdirect write technology can also bsed in many applications, such as solar
cells, radiefrequency devicedpuch screen displaysitegrated circuits and automotive
applicationd16, 35,36,37,38. Recent l y, a Asmart wingo was ¢

a joint project involvingOptomec, Aurora Flight Sciences and Stratasys. The Aerosol® Jet
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process was used to print circuits, sensors and an antenna on the wing of this aeriadfrone
Due to this technology being capable of producing thin film interconnects,ekiste a loof
potentialon using direct write technolodgr flexible substrates. Due to the nature of flexible
substrates, any devices mounted upon them must be able to maintain functionality amidst the
stresses upadpending the flexible substrates. Thin filmed dgifion is one method of producing
interconnects capable of withstanding stress on flexible substrates. Fterbteates also bring

with itself many industry applications, such as temperature and pressure sensors, smart cards,

electrocardiogram patchasd light emitting diodef28, 40Q).

2.3 Summary

There are many different types of techniques for creating 3D interconnects on various
substratesWire bonding was one of the earlier techniques discovered and is still widely used in
industries today for ceging 3D interconnectdhis allows for the stacking of substrates and the
wire bonds are formed from one substrate layer to andduerto the nature of suspended wires
in wire bondingthe wire bonding process has limitations on miniaturization. The lsanding
process also has some difficulty with flexible substrates, as the pressure from the process has the

potential to permanently deform the substrates.

Different techniques have bediscovered and researched to address some of these
limitations. Ore such technology is througilicon VIAs (TSVs), which is based on creating
interconnects within substrates rather than the traditional exterior methods such as wire bonding.
By having the interconnects within the substrates, further miniaturizatiorec@athed,;
however, the process is time consuming and costs of TSVs is extremely high due to the various
processes involved. Many flexible substrate applications are towards disposable devices, which

make cost an extremely important factor when manufaguri
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Thin film deposition techniques are fast and -@ffitient, which make this process
excellent for creating 3D interconnects for flexible substratetuding those of which are used
for disposable applications. The thin film deposition process waykiepositing aerosols of
material onto a substrate to form conformal interconnects on the exterior of the substrate
followed by sinteringSince the interconnects are conformal, miniaturization is still achieved.
Very little research has been documentedsing thin film deposition for flexible substrates, and
the publisheddocumentation that is availail@s not performed any optimization of parameters
For many of the published experiments regarding Aerosol® Jet technology, the sintering
methods perfaned were with the use of a hotplate. As such, there is a lack of knowledge in this
field with regards to using laser sintering in addition to Aerosol® Jet depoditiergoal of this
work is to investigate the usageAx¥rosol® Jet technology incorporatetth laser sinteringor
various flexible substrates and find optimal parameters for creating thin film 3D interconnects on

the aforementioned flexible substrates.
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Chapter 3

Laser Assisted Maskless Microdeposition

3.1 LAMM Process

The 3Dinterconnect tehnology that is used in this research study is called a laser
assisted maskless microdeposition (LAMM) process, which is based on the Aerosol Jet-® direct
write technologywith a continuousvave singlemode erbium fiber las€ELR-20-1550, IPG
PhotonicsCorporation, Oxford, Massachusettgjh a wavelength of 1550 nm that has been
installed into the systenThe laser assisted maskless microdeposition (LAMM) process consists
of two main steps. The first step is microdeposition, where-particles suspemd in a liquid
are atomized and then deposited onto the substrate. The second step is laser sintering, where a
laser is used to pass over the newly deposited-pariles, sintering them and causing them to
agglomerateThe main components of the systare shown in Figuré. The atomizer and

positioning stage ateothmanufactured by OPTOMEC Inc.
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Laser Beam Focusing Lens

Deposition Nozzle

Atomizer
Flow Line

= Nanopaste Vial

Substrate

Ultrasonic Atomizer

Figure 6 - The main components of the LAMM system: Atomizer pottom right), Deposition Nozzleleft), Laser
(top right).

3.2 Deposition Process

The LAMM process begins at the ultrasonic atomizer, whé&fl\& of nanaparticles is
suspended in a liquid his solution is generally labeled as nquaste When ultrasonic waves
approach the nangaste, droplets of the solution are reledasamithe airforming a dense mist
from the accumulation of released droplets. Fisnomenowf the ejection of droplethat
occurs during atomization can be describ&tth the cavitation and capillary wave hypotheses
[41, 42]. The size of the dropletse a function of the density, viscosity, ultrasonic wave
frequency and liquid surface tensiat2[43]. Largerdroplets are formed with high values in

surface tension and viscosity, while smaller droplets are formed with high values in density and
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ultrasanic wave frequencyl hus, the thermghysical properties of the najpaste are required to
be in a specific range. This can be achieved by diluting the paste before it is placed within

the atomizef20].

After the nanepaste has been atomized intmist, the mist is carried towards the
deposition nozzle with the help of a neutral gas such,a®mte the stream of mist arrives at the
deposition nozzle, another flow of a neutral,gadled sheath gass, introduced into the stream,
as shown in Figur@. This secondary flow of gas will focus the ngrarticles stream such that
the diameter of the stream that exits the nozzle can be as small as 10% the diameter of the

nozzle, which typically has a diameter between 100 andv@b@ he deposited patterean

have widths as small as b [20].

Sheath Gas Aerosol Sheath Gas

'

Figure 7 - Diagram showing the main stream of nangparticles and the sheath gas that is introduced in the nozzle
adopted from [19].

The nanepatrticles are then deposited onto the destdastrate, which is mounted upon

the positioning stage. This stage is controlled by a motion control module and has two degrees of
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freedom, allowing a large variety of patterns to be formed by moving the positioning stage while
the naneparticle stream igxiting the deposition nozzI& heater can also be mounted upon the

stage, which can heat the mounted substrate during deposition.

Once the deposition has completed, laser sintering will take place with the use of a
continuouswave singlemode erbium fther laser with a wavelength of 1566, which was
installed onto the system, as seen in Figuiy having the laser mounted on the same stage as
the deposition nozzle, the axis of motion is retained, allowing the laser to trace the same

deposited path ahaterial by executing the same path adjusted with an offset.

3.3 Laser Specifications
The laser has a focal length of #n and an unfocused diameter of 5 mm, shown in

Figure8. The diameter ofhe beam at the focal point can be calculated with Equéidi

= (3.1)

wherew is the focal point diametelr,is the laser wavelengthis the focal length anD is the
unfocused beam diametétsing Equatior(3.1), the diameter at the focal point can be calculated

as 15nm. The angleg, as seeim Figure X can be calculated with the use of Equation (3.2):

006 ¢OE+ (3.2)

whereN is the numerical aperturs,is the index of refraction of the medium ana half of the
angle that represents the largest cone of light that can exit the lensh&\iithmhericabperture

of the objective lens as 0.1¢can be solved for, which will be used in a later equation.
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Figure 8 - Diagram showing the beam size as the unfocused beam travels through the lens

The beam shape is a TEM5aussian beam, which means that the laser spot size can be

characterizedvith the use ofigure9 andEquation(3.3):
i a1 T— a a (3.3)

wherer is the diameter of the beam with respect to distarfican the focal pointrg is the beam
diameter at the focal poird; is twice the angle off which was solved for earlier, anglig the

offset. With this equation, the laser spot size can be calculated and controlled with the distance at
which the object to be irradiated is placeohfi the laserThe laser beam produced is capable of
emitting 0.5 to 3.5 W of power to the desired awWah laser powers under 2 W, the laser beam

does not act consistently and is unstable at times. In order to allow use of low laser powers, a
splitter and dampewereinstalled onto the processing head of the laser, which reduces the power
of the laser by 50%T his splitter also enables the attachment of a camera to view the area of

irradiation from the point of view of the laser.
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Figure 9 - Diagram showing variables used in Equation 3.8r laser spot size

Once the laser irradiates the deposited material, the material will begin to sinter. During
this process, the solvent that the ngaaticles were originally suspended inlvaVaporate, and
the naneparticles will begin to agglomerate, as shown in Figiwrand11. By applying the laser
energy to the nanparticles, the density of these particles would increase, resulting in an

increased electricalonductivity @4, 45, 46).
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Figure 10- Process of agglomeration: (a) before sintering, (b) solvent evaporation, (c) beginning of
agglomeration, (d) end of agglomerationlmage adapted from[20]

JSM-7000F 3 SEI 50kV  X100,000 WD 6.0mm 100nm JSM-7000F 3 Si 50kV  X100,000 WD 6.0mm 100nm

Figure 11- SEM images of siver nano-particles sintered at 0.44 W(left) and 1.24(right) . Image taken from aJEOL
JSM7000F field emissin scanning electron microscope
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3.4 LAMM Process Parameters

The parameters that are used to control the LAMM procedst@in Tablel. For
properatomization, the atomizer voltage should be higher than the threshold valud®\37
while the viscosity of the narmaste should be within (0i730 cP).In order to successfully
atomize the nanpaste, thevial containing the nanpaste must also bégged in a specific
location relative to the atomizefFhe atomizer gas flow rate, deposition nozzle velocity and
number of layers control the amount of silver that will be deposited onto the substrate. The
sheath gas flow rate in combination with the am@ngas flow rate controls the width of the
track that will be deposited. The substrate temperature will determine how well the nano
particles will adhere to the surface on contact. The laser power, velocity and beam size control

the amount of power that introduced to the substrate during sintefiad.

Table 1 - LAMM process parameters

Atomization Microdeposition Laser Sintering
Atomizervoltage Atomizer gas flow rate Laser power
Nancpaste viscosity Deposition nozzle velogit| Laser velocity
Nancpastevial placement Number of layers Laser beam size
Sheath gas flow rate
Substrate temperature

The nanepatrticles that are deposited for the experiments included in this study are silver
nanoeparticles suspended iniguid. The suspension wd&-55wt% of silver with an average
particle size of 60 nm in ethylene glycoltG(OH),) provided by Cabot Superior Micro
PowdersThe Aerosol® Jet is also capable of depositing a variety of materials, including other

conductor mks such as platinum, palladium and cojd&t.
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Chapter 4

Double-sided Flexible Copper Substrates

This chapter details the experiments and results of depositinglaar interconnects on
doublesided copper substrates separated by a layer of polgeéhterephthalate (PET)he
initial goal was to deposit a ngplanar interconnect on a chamfered via. Due to technical
complications, omerous types of substrate modifications were perfotmeanplify the

process. Results for each modification areititan their respective sections.

4.1 Materials

For the purpose of these experiments, the substrate that was used was-aidedble
flexible copper substrate separated by a laygobfethylene terephthala(fET), provided by
Assembly Automation Alternates (AAA). The copper layers were adhered to the PET layer
through the means of an epoxy. A ckssstional diagram of this substrate is shown in Figare
and an optical imagef a side views shown in Figurd 3. The total height of the substrate is

0.21mm.

Epoxy Layers
Copper Layers

PET Layer

Figure 12 - Cross-sectional diagram of copper and PET substrate
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Figure 13- Side view of doublesided copper substrates as seen from microscope

The goal fothedoublesided copper substies was to successfully form a silver
interconnect that would travel from the top layer of copper to the bottom layer of copper while
passing over the PET layer. For the specific application at AAA, the interconnect was requested
to travel through a micrsized circular chamferedIA within the substrate, as shown in Figure
14. The diameter of the top of the chamfexé4 was desired to be around 0.5 mm. Since the
provided doublesided copper substrates did not include a chamiéikdit was required to

manufacture thi¥IA .
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Epoxy Layers

Copper Layers

PET Layer

Figure 14 - Cross-sectional view of copper and PET substratevith a chamfered VIA

4.2  Characterization Methodologies

After depositing and sintering, the substrates were examined with the use of optical
imaging and scanning electron microscopes. For optical imaging, a machine vision camera (EO
3112, Edmund Optics, Barrington, New Jersey, USA) was used in combination with a zoom
imaging lens (Techspec®ZM 1000I, Barrington, New Jersey, USA) and a fiber optic
illuminator (Dolan Jennevll-150, Barrington, New Jersey, USA). The scanning electron
microscopes used were a LEO 1530 FESEM (LEO 1530, Zeiss, Oberkochen, Germany) and a
JEOL JSM6460 SEM(JSM-646Q JEOL Ltd, Tokyo, Japanyith energydispersive Xray
spectoscopy (EDS)For further analysis, an optical profilév/{y KO NT1100 Veeco
Instruments Inc, Plainview, New York, USA) was used to examine the profile of the silver track
and a micro xay diffraction machineRigakuSA-HF3, Rigaku Corporation, Tokyo, Jap was
used to observe the crystalline structure ofsthiestrate

The substrates were also measured for resistance after deposition and sintering with a

digital multimeter (Omega® HHM32, Omega® Engineering Inc, Stamford, Connecticut, USA)
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in order to detrmine the successfulness of the silver interconnects. Although these

measurements are not an exact representation of the resistance value due to the contact resistance
of the measurement probes, an approximate resistance value can be obtained to dieéermine
resistance of the track. In order to determine a more accurate resistance value;asasuce

unit (Keithley 2612SourceMeter, Keithley Instruments, Cleveland, Ohio, USA) was used.

4.2 Experiments involving Substrates with Chamfered Vias

4.2.1 Fabrication of a Chamfered Via

Many different fabrication methods were proposed. A vast number of these methods were
discarded due to inconsistency. Some of these methods included physically puncturing the
substrate with a sharp object as well as laser drilling.nfdjer issue with the majority of these
methods rested upon the inability to create substrates with consitdentEachvIA produced
using these methods was unique and thus, would not provide meaningful experimental results. It

would also not be a goodmeesentation of the chamfer®dA that was desired.

The method for manufacturing the chamfey#d s that was chosen was based on
lowering a spinning conishaped drill head onto the substrdiee substrate would be placed
upon a hard surface while the aoshaped drill head would be lowered extremely slowly into
the substrate. This procedure is shown in Figdré\fter drilling, the substrates are washeith

isopropanol and sonicated. Once finishttésamplesvould then beeady for deposition.

Due b the machining of the chamfered holes, the walls of the holes were not very
smooth, but attempts to create an interconnect between the two layers of copper using these

substrates were performed regardless.
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Direction of Motion
Caonic Drill Head

Copper Layers

Epoxy Layers Epoxy Layers

(@) (b)

Figure 151 Crosssectional schematic showing the emufacturing process for fabrication of chamferedVIA s (a) before
and (b) after

4.2.2 Depositing the Silver Track for a Substrate with Chamfered Via

In order to form an interconned join the two copper layers, the injection nozzle was to
move horizontally across the substrate while depositing the silverpaatioles. This process
would allow a silver track to be deposited along the chamfered hole that was produced from the

conic dill. This process is shown in Figuié.

Injection Nozzle
\D Direction of motion of nozzle
Jr Stream of silver Nano-particles

Copper Layers

I
PET

Figure 16 - Cross-sectional schematic showing silver deposition on substrates fabricated with a conic drill
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With the deposition process done as stioh silver nangparticles would idally be able
to form a thinfilm silver track along the chamfered edge of the hole, as shown in Rigure
which should provide the substrate with a successful interconnect between the two layers of
copper.This deposition process would then be repeatgddeide multiple layers of silver as

desired.The width of each track of silver is approximately 50 tar60

Deposited Silver Track

—'_K —————————————— 7_:
Epoxy Layers =
/ /

/ \
/

PET

Figure 17 - Cross-sectional schematic showing the ideal result of a successfully formed silver interconnect

There are many parameters that must be managed in order to produce silver interconnects
that are free of cracks dmelaminationOptimumparameters and their chosen valaesdisted
in Table2. There are a few parameters in this table that have ranges of values. This is mainly due
to placing the formation of the silver track in higher priority than other partegirticess, such
as sintering. The reason for this was due to uncertainty of success, since the fabricated chamfered
holes were not as smooth as originally thoulilthe current parameters produced good

interconnects, the parameters with ranges of valaese optimized and other lower priority
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parameters can be optimized afterwards, particularly parameters involving speed such as

injection nozzle and laser sintering speeds.

Table 2 - LAMM Process Parameters for Deposition on Subsates with Chamfered Holes

LAMM Process Parameters
Sheath Gas Atomizer Gas| Atomizer Injection Number of | Laser | Laser
Flow Rate | Flow Rate | Voltage | Nozzle Speed | Silver Layers| Speed | Power
50 ccm 12-14 ccm 50V 0.1mm/s 20-50 1mm/s| 1.24 W

4.2.3 Results for Substrates with a Chamfered Via

The silver nangparticles were deposited across the chamfered hole in ali&®ss
fashion, as shown in Figufi8. By introducing more than one path of silver over the chamfered
hole, there would be a higher chance @efating a successful silver interconnect, since a total of

four tracks would be deposited for each sample.

Deposited Silver Interconnects

Epoxy Layers

Copper Layers

PET Layer

Figure 18- Cross-sectional schematic showing deposited silver tracks on doubdéled copper substrates with a
chamferedVIA

After many experiments with the substrates containing chamféres, it was evident

thatthis process was not very successfulJEOL JSM6460 scanning electron microscope
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(SEM) was used to examine the substadter deposition and sinteringn SEM image is shown

in Figurel19, which shows some of the challenges associated with these experisesgen,

the steepness amthccuracies of the fabrication processnbined caused the interconnects to
break at various point$heVIA was expected to be smth and uniform, but from SEM images,

it could be seen that the surface was not as well machined as disuasiconcluded that this
approach towards creating an interconnect between the two layers of copper had an extremely

low chance of success, digeinaccuracies of the fabrication process.

=—=xSilvemilirack:ss
e N > ¥ '\ ".7

SBrxm

Figure 19 - SEM image of an attempt to form an interconnect on the fabricated chamfered via
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4.3 Experiments Involving Substrates with Polished Slants

4.3.1 Fabrication of Polished Slants

A different approach was taken to create silver interconnects that connected the two
layers of copper. Due to the fabrication inaccuracies of the-clitiag process, the fabrication
of the chamfere¥IA s was simplified down to a slant created after polistiiegsubstrate at an
angle, shown in Figur20. Since depositing along the chamfexdd would be equivalent to
depositing along a slanted edge, the experiments were simplified to depositirglvano
particles onto slanted edgds.industrial practicedabrication of the chamfered VIAs would not

be extremely difficult, as automated tools with high precision can be used.

Injection Nozzle

o

Direction of motion of nozzle

Stream of silver Nano-particles

Epoxy Layers =

/

/
PET

Figure 20 - Cross-sectional Schematic Showing the Deposition Process on Substrates with a Polished Slant

The polishingprocess is much more controlled compared to conic drilang the
resultant edge is extremely smooth. The substrates were polished at an angle of 45° to the
polishing pad with a very fine abrasive. The abrasive use@masiminum oxide power with
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grain sizes of 0.06m. The finished polishesubstratavould have the bottom layer of copper
exposed along the polished edge, much like the intended result of the conic drilling process.

After polishing, the substrates are washed with an isopobgatution and sonicated.

4.3.2 Depositing the Silver Track for Substrates with Polished Slants

As shown in Figur@0, the deposition process performed on the substrates with polished
slants is identical to that of the substrates with chamMt&d. The injedbn nozzle would be
passed over the substrat e 6partiplesiniasidgle path¢hdtge, de
would span the length of the polished slant. This silver track would then be sintered using a laser

to complete the procesBhe processgrameters are listed in Tat8e

Table 3 - LAMM Process Parameters for Substrates with a Polished Slant

LAMM Process Parameters

Sheath Gas | Atomizer Gas| Atomizer Injection Number of Laser Laser
Flow Rate Flow Rate Voltage Nozzle Speed | Siher Layers Speed Power
50 ccm 12-14 ccm 50V 0.1-1 mm/s 4-10 1 mm/s-5mm/s | 0.44 -3.1W

Upon running various experiments, it was discovered that the silver track would form
much easier than the experiments with a fabricetéd With this information, many process
parameter values were modified in order to better optimize the experimiatsost time
consuming part of the process was the deposition of the silvespaeaitices. Due to the silver
track forming much easier on the @bled slant, the injection nozzle speed was increased and the

number of silver layers was decreased.

The main reason for the high number of silver layers used in the experiments with
chamfered/IA s was due to thextremely largerack formations of the sir track that

appeareaonsistently along the face of th#A . With the substrates with a polished slant, there
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did not appear to be much of a difference between 10 and 50 silver layers, as both were able to
create a silver trackhat spanned the entirade of the polished slant. Although cracks did appear
for the silver tracks deposited along the polished slants, these cracks were not caused by the
injection nozzle having difficulty depositing the silver ngyanticles upon certain areas of the

surface ad would be investigated.

4.3.3 Initial Results for Substrates with a Polished Slant

When examining the substrates with the use of the optical imaging system, it was noted
that the deposited silver track appeared to form a solid track that travelled from toppep
layer to the bottom copper layer, as shown in Fi@lré he imagesaken ofthe substrates with
polished slantappeared to be much bettean that of thesubstrates with chamfer&lA s, since
there were no extremely large cracks visilileanalso be noted that the bottom layer of copper
does not have a large amount of exposure when viewed from the top, since the copper layers are

very thin.
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Figure 21 - Top view of a substrate with a polished slanafter 4 layers ofdeposition at 0.1 mm/s and sintering at
0.4 W and 1 mm/s.

At times there would be cracks in the silver track visible from the optical images, as
shown in Figur@2 along the face of the PEHoweverthese cracks were not on the same
magnitude as those frothe substrates with chamferéth s. In order to view theracks the
substratevould be required to be examined with a scanning electron microsdppe.viewing
the interconnects with an SEM as shown in Fi@8every fine cracks were seen in both
conductive and norconductive interconnect§/hen measured with an ohmmelbgrconnecting
a probe on either end of the interconnéoe conductive samples showed resistances in the range

of 7Wto 10W.
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