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SUMMARY

High quality copper pkng in blind-vias and througlvias is crucial to achieve high
electrical performance and reliability from thetegrated circuit (IC) to the package
substrate and printed wiring board (PW8Y has been deposited and patterned by several
chemical and vapadeposition methods, but the most common approach for high volume
manufacturingis electroless and electrolytic Cu plating. In efforts to meet the- ever
increasing demand for improved system performance, recent trends in microelectronic
packaging requirarier Cu lines, micro vias, and firgtch Cufilled throughpackagevias
(TPVs). Additionally, nortraditional package substrate materials such as glass are being
investigated for their electrically insulating properties. These trends pose various material
and processelatedchallengesn achieving high quality Cu metallization. Poor adhesion
between copper and glasanresult inelectrical failures caused by delamination. Low
guality Cu filling in highaspect ratio TPVs can lead to void formation andhaeical
reliability failures. These challengassociateavith poorquality Cu metallization can be
addressed through a better understanding of copper to glass adhes{omn depbsition
mechanismsTherefore there is a strong need to investigate the dnmehtal aspcts
related toCu adhesion an@€u plating chemistry.

The objective of this researalasto develop a fundamental understanding of various
aspects related to copper deposition on glass for advanced package and interposer
applications This inclued investigating the following topicsl) metallization and
adhesion of Cu to ultrthin glass substrates with small diameter, foteh TPVs, 2)

electrochemical characteristics @fganicadditives in electrolytic Cu platingand 3)the

XVii



mechanism of howrganic additives in electrolytic Cu plating enable vivee Cu filling
in vias

Various Cu to glass adhesion mechanisms were investi@ates. surface roughness
wasfirst studied as an approach to enable direct electroless Cu deposition. The tigasibili
was evaluated by determining the minimum required surface roughness and the interfacial
failure mechanisniby x-ray photoelectron spectroscopy (XP¥hen, avia-first process
using a thin epoxypased adhesion layer was developed. The psoerable@lectroless
Cu depositiorto ultra-thin glass substratg400 um) with small diameter (2@um), fine
pitch (40um) TPVs.Cu netallized glassubstrates witi PVs passed thermomechanical
reliability with strong adhesioafter thermal cycle testingnd highly acelerated stress
testing.

The impact of organic additives on electrolytic copper plating behavior was studied
by electrochemical characterizationUsing cyclic voltammetry and injection
chronopotentiometry, the potential dependence and polarization kiradtisdividual
additives and combinations of additives were characteribleeir impact on Cu filling
performance in blinglias was investigated, and a mechanism was proposed to describe the
additive interactions with the Cu via during platifgnally, surface enhanced Raman
spectroscopy (SERS) was used fositu observatiorof the chemical interactions between

organic additives and the Cu surface during electroplating.

xviii



CHAPTER 1

| NTRODUCTI ON

From the integratd circuit (IC) to the packageubstrate and priat wiring board
(PWB), mpperhasemerged athe preferred metal for electrically connecting components
in most electronic systemBhe high electrical conductivity, good corrosiesistanceand
high thermal conductivity of copper are some of the degirederties thamakescopper
the front-up material for electrical interconnections. Cu has lukgrosited and patterned
by severalchemical and vapor depositianethods, but the most common approach for
high volume manufacturinpas beerlectroless andlectrolytic Cu platingln efforts to
meet the eveincreasing demandor improved system performance, recent trends in
microelectronic packagingequire finer Cu linesmicro vias,and fine-pitch Cufilled
throughpackagevias (TPVs).Additionally, nontraditional package substrate materials
such as glass are being investigdtedheir electrically insulating propertieBhesetrends
pose various material and process challengdalincatehigh-quality copper wiringas
fine-line wiring for redistributian layers (RDLs) andsfilled TPVs. These challenges can
lead to grave electrical failureaused byelaminatiorfrom poor adhesion between copper
and glassLow-quality Cu filling in highaspect ratio TPVs can leadvoid formation and
mechanicaleliablity failures These challenges with poequality copper metallization
can be addressed through a better understanding of copper to glass aah@siopper
depositiormechanisms. With the lack of literature in Cu metallization of glass TPVs, there
is astrong need to investigate the various fundamental aspects related to adhesion and Cu

plating chemistry.



Theobjective of thigesearchs to develop a fundamentahderstanding ofarious
aspects related tocopper depositionon glassfor advancedpackageand interposer
applications: 1) metallization and adhesion of Cu to 4lina glass substrates with small
diameter, finepitch TPVs, 2) electrolytic Cu deposition as affected by organic bath
additives, and 3) processes for achieving \faeg, fully-filled Cu TPVs in glass

1.1  Motivation for Advanced Device andSystem Packaing

It is well knownthatincreasegerformance irtomputingrequires advancements
IC manufacturing technologieslowever, commensurate advasde the IC packaging
substrate are needad wellto maximize theoverall packaggperformanceTraditionally,
activelCs are packaged individually a packagesubstratevhich provides the necessary
connectiongor powerand signato thelC fromthePWB. As seen irFigurel.l, the wiring
is designeand routecsuch thatid i st r i lanstoebghe snwalker ICipitchat the die
towards the largdvoard pitch athe PWB. This electrical routing isypically fabricatedy
subtractive or semtadditive processs (SAP), a repeated process comprised of
metallization and patterning of conductive wires on multiple layers of dielectric filittrs,
adjacentayersconnectedy vertically metallizecholes, owias.

Electrical Wiring —»1  1+— IC Pitch

! 2 [ Chip or Integrated Circuit i
e T R
Vi as : 1 1 I 11 11 1 I I 1 —

N Package
Substrate

gl o e s

00000000000
f—l
Printed Wiring Board Board Pitch

Figure 1.1. Schematic of atraditional |C packagesubstrate connectinghe IC to the
PWB [1].



Since the 199Q®rganicbased composites such as-#Rave beemised as electronic
packagesubstratesMade of an epoxypased matrix with woven glass fibexsd/or silica
fillers, thispackage substmhasthe propertieto support fabricatiofor high-performance
andconsumer product®vi t h  a Y o u n g 6-80 GRa, tisustifuesough to bel 0
used for thin packaging imobile applications sch as smartphonef combination of
electroless and eleatytic Cu plating is the widely used for Cu metallization as itls\a
costand highthroughputprocess

Demands for higher performance and multifunctionality in modern systeatsas
servers requires faster data transmission and miniaturized integmati between
heterogeneousomponents in the syste@onsidering the package substrate matehatet
are several inherent characteristics of orgdmaised substrateghich limit their ability to
support the increased performance demamdise future.Organic-based substratdmve
relatively high surfacerougmess which imposedabricationrelatedlimitations of the
smallest achievabldimensions of Cu wire patterningnd with lower thicknespackags,
its relativelylow stiffnessleads to warpagerelatedchallengs for fabrication ofhigh Cu
wiring density and through vias.

While advances in dikevel manufacturing have decreased tBanode dimensions
by three orders of magnitude in tastfour decades, packaging dimensions have reduced
by less than dactor of ten(Figure1.2). The next section discussadvanced packaqg
architectures and substrate materihist are designetb meet the future demands for

performance by bridginthe IGpackage gap.
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Figure 1.2. Progress in transistor scaling vs. package scaling over tinje.
Tummala, 20186.

1.2 Recent Trends inlIC PackageSubstrates

Demand for increased 1/O densitio achieve high logienemory bandwidthare
leading to the deelopment ofinorganicbasedinterposerswith advancedpackaging
architectures such as 2.5D and 3D system pack&gpeé1.3). The interposey serveas
anintermediatesubstrate between the IC and the traditional organic packabecated
with advanced packagingaterials andechnologies, the interposeare designedwith
fine-pitch wiringandhigh I/O density. Miltiple chipsareassembled on a singlgerposer
to minimizethe interconnect length and delay, resulting in im@aehip-to-chip speed
and performancélwo key technologies these advanced interposer desigres

1) High-density Cu wiring between chips

2) Fully-filled fine-pitch Cu througkpackagevias (TPVs)

Together, theskeaturesupport the high 1/0 densibetwea heterogeneous ICs and

from the ICsto the rest of the system.
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Figure 1.3. Schematic of 2.5left) and 3D (right) interposer architectures for
multichip packaging (GT-PRC) [2, 3].

Fabrication of finepitch wiring andthe production of smaltliameter vias with high
processingccuracy and yield is mofgasibleon substrates that are smooth and have high
resi stance to war pa g &oroptimaelectricalipgrformanhoaithn g 6 s m
high frequency signalghe substratehouldbe anelectricallyinsulating material with a
low dielectric constant and low loss tangent. Other desirable substrate characteristics
include strong chemical resistance and a caefiicof thermal expansion (CTE) close to
that of the active Si die(sjo minimize warpage and maximiziéaermo-mechanical
reliability. For these reasonsharganic materials such as silicon and glaase been
recently studied as advanced interposer suiestiable 1 shows how silicon and glass
compare to traditional packaging materials in terms of material properties and processing

costs.



Table 1. Summary of properties for various package substrate matéals [1].

Characteristic Material property Ceramic  Organic __ Silicon Glass
Dielectric constant
Electrical @ 1 MHz 9.510 4.54.8 11.9 4.6
Resistivity(ohnmim) > 10 > 10 0.02-10 > 109
Mechanical Youngds (GRad 300-500 10-20 130 60- 80
CTE (ppm/K) 4-8.5 18-20 26-3.0 33
Thermal conductivity
Thermal (W/iiK) 20- 40 0-1 100-150 1.1-1.2
Minimum via diameter 50 20 10 20
(um) _
_ Minimum line/space 50 10 <1 >
Processing wiring (um)
Throughvia formation
and metallization Low Medium  Low Medium
feasibility
Relative cost Egharea at26m /O High Medium  High Low

1.2.1. Silicon-based Interposers

Silicon is the most studied mai&rifor use as interposer substgatéhis islargely
due to thewell-establishednfrastructure for silicon processing, such as Bosch processing
for throughsiliconrvia (TSV) formation, smallfeaturepatterningcapabilities chemical
mechanical planarizatn, and othewell-developegrocessing techniqueSilicon also has
manydesi rabl e materi al properties incduding
CTE matched to theilicon IC. Its single crystalline naturi@herentlyhas alow surface
roughness@®1 nm) which allowsfor Cu line patterning t® 1 difensions. TSVs can
be made with a minimum diameter around 10 um to support high 1/0 defikjties

An example of &.5D Si interposewith filled Cu TSVs and fingitch wiring is
shown inFigurel.4. Advanced Micro Devices used this architectiorsupportheir High

Bandwidth Memory (HBM) technology, using a 2.5D interposer combined with 3D IC



stacking for ultrahigh logicmemory bandwidtlin high-performance graphics processing

applicationgFigurel.5).

Figure 1.4. Scanning electron micrograph of silicon interposer between die and
organic substrate(Xilinx, 2011) [4].

PHY GPU/CPU/Soc Die

Package Substrate

Figure1l5. A MDG6s HMB t e a3iimterposeg(®MDy2Z15n g

1.2.2. Glass as a Potential Interposeand PackageSubstrate
Despite the initial adoption of silicemased interposers, therestsl a needor lower-
cost alternativesvith similar levels of performanceGlass is widely recognizeds a

potential alternative to silicon ashanterposersubstrate material due fts superior



electrically insulating properties, lower raw material costs,itsqubtential for large scale
panelprocessing5]. Like silicon, glass has severlvantageoumechanical progrties
over organiebased substratescludinga high Youngo6s mo et GRasando f
nanometesscalesurfaceroughnessHowever thelower dielectric constant and l@wvloss
tangentof glasscompared to silicon allows for significantly reduced loss of electrical
signak, making glass especially attractia higheroperatingfrequencies[6]. Glass
substrate manufacturing less demanding than the procegsiequired fomigh-purity,
single crystal silicon Finally, glass has the potential for laigjee, panebkcalable
processingdurrent &neratiorB.5 sizepanesare220 cm x 250 cm), which will allow for
higher throughput and reduced cost per unitoimi@st, the processing area of Si is limited

to circdar wafers of limited diameter, where th@rent statef the art is 45 cm in diameter

60

For these reasons, glass has the potential to be the optimal packaging substrate for advanced

computing applicatins in terms of performance and cost.

Recently, tpss interposemanufacturing and processirigchnologieshave seen
rapid improvements in several areas such as decreased glass substrate thickBss (
pum), reducedhroughvia diametefto 20 um) and mprovedspeed and quality dfirough
via formation. These advancements are critical for glass to be a compedtith&trate
material for high-performance interposer substmatthat require high-1/0 density and
superiorelectrical performance.

1.3 Need forCu filled Vias in Glass Interposersand Packages

Oneaspecthat remains a challender the adoption of glass substrates for interposer
applicationss thelack of low-cost,high-performanc&u metallizatiorof glass with TPVs

Figurel.6 illustrates the need for understanding key Cu deposition steps ifdBgRss



interposer fabricationA thorough understanding of Cu to glass adhesion and viable Cu
deposition techniques as walthe electrochemical details of electrolytic Cutlg are
necessary to produce reliable,gltperformance glasBased interposerghat are

compatible withSAP.

Cu seed layer 1) Glass to copper
deposition adhesion and processing

Cu 1 1 1 Photoresist
Dvia via| Glass » » \

T
' Electrolytic Cu plating

[ ] [ CTa ] 2) Behavior
and impact
of organic

K additives
1 1 = | ]
3) Void-free TPVs
and blind-vias

Figure 1.6. Process flow of seradditive process in a glass interposer with key Cu
metallization steps and research objectives highlighted.

1.3.1. Need for Cu to Glass Adhesion

In SAP, a seed layer of Cu is typically deposited by either electroless Cu or by
physical vapor deposition (PVD). However, thehesion between Cu and glass
inherently weak de to their contrasting material structures and lacktafngchemical
bondng. Effective Cu deposition methods require an intermediate adhesion layer.
Additionally, the high CTE mismatch between Cu and glass will lead to themthated
stresses from tengpature cycling, whiclmay result ithermemechanicafailures inthe

lifespan of the packag&hese challenges are illustrated-igurel.7.
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Figure 1.7. Adhesionrelated challerges at the Cu/glass interface.

Cuseed layedeposition processes are further constrained by the need to deposit Cu
uniformly on the glass surfa@s well asnside the higkaspect ratidhroughvias with

strong adhesiofFigurel.8).

Glass |via »

Figure 1.8. Processrelated challenges in depositing Cu in higlaspect ratio TPVs.

1.3.2. Need for Understanding Role of Organic Additives in Electrolytic Cu Plating
After the Cu seed layer is depositetkctrolytic plating is used to deposit Cu to the
desired thickness. Electrolytic plating inside the threuigis can be conformally or fully
filled. Fully-filled Cu vias aralesiredover conformally plated Cu vias for several reasons
including lower DC resistancejmproved power deliveryand superior heat dissipation
when used as thermal vias. Fdlijed vias can be formedby electrolytic Cudeposition
whenthep |l at i ng condi t i on svidiling belavibraharactérizad pye r f i | |

selectively enhancedlating inside the viaselative to outside of the viaSuperfilling is

10



achieved through the careful selection of organaieculeadditives which either inhibit
orpromoteCtir educti on depending on t herfacewitdi t i veo?
a cathodic potentialWhile many organic additives have been studiedepth, there
remains dacking correlation betweeay i ven addi ti veds organic st

characteristics, anda filling performancgFigurel.9).

Additjve structure

9 Na CHa )
R SO, H+0)\+OH -
.- ._ ' T~a
"Elect_ljf)chemlcal} 8 ) Plating performance

N i NS

Figure 1.9. Lacking correlation between various aspects of organic additives in
electrolytic Cu plating.

1.4 Research Objectives
Based on the above motivat®and challengesthis researchaims to develop an

understanding of theechanismgor Cudeposition by SARn ultrat h i n mpglagsO O
substratesvi t h s mal |  dm)dinegti & rc h ( Gn)OBPWs.2NBis thesis is
comprised of three major research objectives:

1. Understand and propose mechanism of copper adhesion to the glass surface and

throughglassvia sidewalls.
2. Determine electrochemical characteristics of organic additives in electrolytic

Cu plating baths

11



3. Understand mechanism of organic addit:.

The first objective is to determine which Cu dekeposition methods are vialite
agiven set ofglasssubstratgparametersuch agylass thicknessjia diameteyand aspect
ratio. Metalto-glass interfaces are prone to mechanical interfacial faitlwe to lack of
strong adhesiorDesigning a reliable Cu deposition methedjuires an understatingof
copper adhesion mechanisms with adhegi@mmoting surfaces or materialdhisincludes
correlating interfacial and surface characterizations with adhesion test assaltgnction
of deposition techniqued-urthermore the Cu deposibn techniques must be able to
metallize the glass surface as well as the TPV sidewallsrm continuous, conformal
seed layesin preparation for electrolytic plating

The second objective focuses on the electrolytic Cu deposition paxigslate to
filling in vias. Via filling by electrolytic plating is achieved through calefelection of
organic molecule additive® the Cu electrolyte to selectively promote?Creduction
inside the vias while inhibiting the process outside of the vhsfundamental
understanding of how the orgamidditive structurénfluences Cureduction, and therefore
Cu filling performancewill be developedOrganic additives will be characterized by
electroanalytical methodsuch as cyclic voltammetry and injection t@atiometry.
Additives will be characterized individually to determine their adsorption and polarization
kinetics, and then in combination with others to investigate how their behavior changes.

Thethird objective is tounderstand the mechanism by whick tirganic additives
affect Cu via filling. This involves using 4situ spectroscopic techniques to better
understand the chemical interactions between the additives and the Cu surface. Finally, the

blind-via filling performance will be characterized forveeal combinations of additives.
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The results will be combined with their electrochemically determined adsorption properties
to propose a mechanism for vdirege superfilling in blindvias.
1.5 Research Challenges and Tasks
The research challenges and tasksoaiated with the objectives atwiefly
summarized in
Table2.

Table 2. Summary of research objectives, challenges, and tasks.

No. Objectives Challenges Tasks
Metallization T Weak _Cu to glass 1 Develop uno_lerstanding _of Cuto
1 and adhesionf adhesion _ glass adhe_33|_on mechanisms
Cu to glass 1 Th_errr_lpmechanlcal 1 Devel(_)p \{laflrst glass
reliability metallization process

1 Lacking correldion

Determine ole between additive

of organic 9 Electroanalytical characterizatio
2 additives in s':ruiturer:], ical 1 In-situ chemical characterizatior
electrolytic Cu g :r:: aﬁgr e;g?atin f Structural characterization
plating baths ’ 9
performance
, 1 Costly processing 1 Develop process guidelines
3 Sil;Sﬂ”ed glass 1 Void-free Cufillingin  Demonstrate higlguality Cu
glassTPVs filling in glass TPVs

Chapter2 will describe in detailhe previougesearch related to each challenge to
achieve the objectives of this researChapters 3, 4, and describethe resultdor each

research task
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CHAPTER 2

LI TERATURE REVI EW

This chapter summarizes key findings from previous work in each of the research
objectives.The firstresearch objective relates to adhesion between glass a@Gd seed
layer. The Cu thin (500 nm or less) seeepdsitionmust be performed in a way that
achieves strong adhesion and by a process that allows for conformational deposition inside
the glass TPVsIhe next research objective focuses on understanding the fundamental role
of organic additives and their pact orelectrolyticCu plating The last research objective
is to investigate processes fidting glass TPVs without voids.

2.1 Metallization and Adhesion of Copper to Glassinterposers

Achieving highquality metallization of TPVs in ultrthin glasswith strong adhesion
and thermemechanical reliability is challenginfpr several reasong-undamentally,
copper and glass do not adhere well due to their differing chemical structures: the covalent
oxide network ofilica-basedglass and the metallic latticé copper do not readily form
chemical bonds at the interfade.addition to the fundamental challenges associated with
Cu to glass adhesion, there are proceksted challenges in depositing Cu in a way that is
conformal with the glass TPVs. This sectmnovides an overview of previous efforts made
in these key areas relatedtte first metallization step of seradditive processing;Cu
seed deposition.
2.1.1. Copperto Glass Bonding and Adhesion Mechanisms

Chemical bonding can be promoted by chemically tngdtfne glass surface prior to

electrolesCu depositionSome examples of this approach seiassembled monolayers

14



of molecules containinglkyl silaneend groupsvhich chemically bontb glass andmino

based end groups which promote adhesiofuqFigure 2.1) [7, 8]. While these wet
chemicalbased glass surface treatments have enabled adhesion of electroless Cu of sub
micron thickness, maintaining adhesion after electrolytic Cu platigreater thicknesses

remairs a challenge, as made evident by the lack of demonstrated applications.

3355
$1\|}-'1“'ﬂ+"*

Crlass

Figure 2.1. Glass functionalized with aminopropyl trimethoxysilane to promote
adhesion to electroles€u [8].

Achieving thestrongesadhesiorbetweermetalsand glasss donethrough different
approacksto attainchemical bondingDepositing certain metals such as Ti or Cr by
physical vapor depositiofiPVD) result in the formabn of a thin interfacial oxide layer of
TiO2 or CrOy, respectively, between the metal aytalss The formation of this oxide layer
is thermodynamically driven by the respect
supplied by the glag9-14]. Since this process is done in a vacuum, Cu canlbsequently
deposited by PVDRo form meallic bonds with the Ti or Cwithout forming anoxidized

layer beneath the Cu.
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Cr film

Interface

Diffusion layer

Figure 2.2. Transmission electron micrograph of Cr/glass interface with thin C¢Oy
layer formed [13].

A mechanicabased dhesionmechanisntan beused in place of or in conjunction
with chemicalbased adhesion. Mechanical adhesion is introdogedughening the glass
surface, leading to mechanical anchoring at the ceglpss interfac¢l5-17]. However,
it was shown that roughness in conductor interfaces can degraeedughancy electrical
performance because of the skiifiect[18].
2.1.2. Processes for CiseedLayer Deposition in Glass TPVs

Beyond adhesion, other challenges exist which limit certain metallization approaches
and technologies based on aspects which may inhibit industrial practiddigyhigh
degree of mismatch in theTE of glass (3 ppm/K) andopper (17 ppm/K) will further
challenge the interfacial adhesion when subjected to stresses in thermal cycle testing (TCT),
an industrystandard reliability test. Finally, the requirement of small diameter;dsglect
ratio TPVs in glass is challengingrfmetallization techniques which are raomformal in
nature (e.g.,PVD methods such asputtering). Several methods have been recently
demonstrated to address some of these challenges, all of which utilize an intermediate

adhesion layer between glass aogper.
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Copper netallization processesf glass interposers found in the literatwan be
divided into two categories: \Hast, where TPVs are formed after other prior processing,
and viafirst, where TPVs in glass are formed before any subsequerssing. One via
last processshown inFigure2.3, demonstrated that laminating a polymer film onto glass
followed by TPV formation and electroless metallization yields a stable stryt84184].

The polymer film serves as an intermediate adhesion layer by forming chemical bonds to
glass through silarkasedcoupling agents on one side and mechanical anchoring to
electroless copper on the other side. The polymer also dmsctis a mechanical stress

buffer and aids in the handling of uHitain glass.

Glass

HIEEEIE

(d)

Figure 2.3. Schematic of a vidast process for metallizing glass interposer substrates

[5].
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Recently, however, glass substrate manufacturers have developed via formation
technologies which are incompatible when polymer films are present. The most recent
demonstrations have focused on-fitat metallization processes in glass. Sputtgr
titanium or chromium, which are known to form chemical bonds to glass, followed by a
metal which does not adhere strongly to glass directly is akweikn method of
depositing metals oniglass Due to the lineof-sight nature of sputtering, deposgimetal
onto the TPV sidewalls which are parallel to the flux of sputtering is not as straightforward
as the planar surface which is perpendicular to the flux of sputtering. It follows that there
is an inherent upper limit to the aspect ratio of vias whanh be metallized conformally
by sputtering before the TPV centers are unable to receive sufficient sputterinthikix.

challenge isllustrated inFigure2.4, where sputtering is unable to conformally deposit on

the sidewallsyear the center of the vias

Figure 2.4. Cross section micrographs of glass viasgith increasing aspect ratio after
Cu sputtering [22].

A method to address this issue was demonstrated by subsequerglglesinoless
metallization to fill any discontinuities in the previous sputtering $8%). Another

recently demonstrated glass metallization technology uses a thiroxetalfilm which
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forms chemical bonds to glass and mechanical bonding to elestrotgger. The
deposition is done by sglel processing to enable conformal TPV covel28e27].
2.2  Role of Organic Additives in Electrolytic Cu Plating

Once a Cu seed layer is deposited on the substrate;adélitive processing
continues with wiring structures patterned by photolithography, followed by electrolytic
Cu plating Different classes of organic additives are added to the Cu plating electrolyte to
affect Cu plating in a way that promotes a plating behdvioro wn fAsuper{f il | i n
via structures. This section reviews various methods of characterization to observe how the
organic molecules affect the Cu electroplating process.
2.2.1. Organic Additive Classifications and Functions

A typical electrolytic copperlpting bath iscomposeaf both inorganic and organic
components. The essential inorganic elements that make upqgtleuselectrolyte
solution include a copper salt, acid, and chlorides.i@opper salt (typically CuS{p
ionizes inthe aqueousolution b cupricion (C#*), which isreduced and deposited at the
negatively charged cathodic substrayethe following reaction:

06 ¢Q ©° 0 ai
Acid is added to provide sufficient ionic conductivity in #lectrolytesolution; silfuric
acid is normally used for this purposé&n anodic reactiof Cu oxidationoccurs at the
counter electrode, which has a positive potential with respect to tiedeat
006i ©06 ¢Q

Chloride ions can be added as either NaCl or,H@H these ions are rerpd to

facilitate the interaction between the Cathodeand the organic additive$he organic

additives are included as specific difters to the plating behavioand are generally
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categorized as suppressors, accelerators, and levietessd on theiruhction Table 3
summarizes theacid Cu plating bathcomponents, typically used materials and
concentrations, and their function.

Table 3. Summary oftypical electrolytic bath components.

Component Chemical Concentration Purpose
cuw* CusSQ 0.167 0.88 M  Cu?* source
Acid H.SOy 0.171 1.8 M lonic conductivity
NaCl Enables interaction betwee
Cr 307 70 ppm Cu electrode and organic
HCI "
additives

Accelerator Bis(sodium sulfoproyl) Catalyzes delivery of Cti

(Thiol-based) disulfide (SPS) S10pPm 45 cusurface
Polyethylene glycol

Suppressor (PEG) Creates physical diffusion

(Alkylene Polypropylene glycol 20071 700 ppm layer to inhibit C@*

glycol) (PPG) migration to Cu surfee
PEGPPG copolymers

Leveler anu_s Green B (JGB) Selgcti\_/ely in_hibits Cu_

(Aromatic Elallzn_we Black (_DB) Varies by plating in regions of high

nitrogen olyvinylpyrrolidone molecule current density (peaks of C

based) (PVP) surface) to preferentially
Benzotriazole (BTA) platein troughs

The function of these additives is based on their effect on the Cu plating behavior and
plating rate. Accelerator molecules bind to the copper cathode by a sulfur containing end
group and effectively catalyze the delivery and reduction éf @solution to the cathode
surface. Suppressors are generally some form of alkylene glybelseTmolecules
coordinate and bond with CuClI formed on the cathode surface, and the bulky molecule
serves as a physical diffusion barrier to inhibit the ratewsf @ the Cu surface.eveler
molecules contain nitrogen atoms which coordinate with the Cu cathode to selectively
inhibit Cu plating in regions of high current density, which tend to be topographical peaks
in the Cu surface, and this results in prefaeénplating in trougHike features.By

employng the appropriate combination of additiv€s) plating can be carried out to create
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void-free fully-filled Cu blind via structures through the plating behavior known as

A s up e rohsiséeh iN28]g

(a)

(b)
® [eveler @ Suppressor = Catalyst

Figure 2.5. Schematic of superfilling mechanisms achieved by (a) strong differential
inhibition of plating outside of the vias by leveler and suppressor and (b) selective
adsorption and activity of catalyst or accelerator in the bottom of the via§29].

2.2.2. Electroanalytical Characterization of Organic Additives

Alkokar and Landau utilized electroanalytical techniques such as galvanostatic
potentiometry to characterize the transient adsorption of accelerat@uppressdi0].
The plating overpotentialas monitoreds a function of time after injectir®8PS and PEG
with varying sequence and combinationtheelectrolyte A galvanostatic potential drop
indicates accelerated behavior and inferred adsorption of SPS while the opposite infers the

adsorption of PEGI'heobservedccompetitive adsorptiobehaviorof SPS and PEG on the
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Cu electrodewas used tgoropose a mechanisiwf how the two interact to achieve
superfilling. While PEG has fast adsorption kinetics compared to SPS, it is diffusion
limited in the confined space degsidethe via. SPS therefore selectively adsorbs closer
to the via bottom, enhancing plating at trettom while PEG suppresses plating towards

the top of the via and on the Cu surface outside the via. €havior is illustrated ikigure

2.6.

(a) t=0 (b) t<1ls (c¢)t=1s Accelerated (d)t=10s
via bottom

Figure 2.6. Proposed mechanism of competitivadsorption of SPS and PEG in Cu
superfilling by Akolkar and Landau [30].

Other electroanalytical techniques used to characterize #teagplbehavior as
affected by organic additives include cyclic voltammetry and rotatingdisigtechnique,
as shown by Moffat et al. and Vereecken et al., respectj26ly31] The results using
these techniques and analysis are consistent regarding theidvedf the PEGSPSCI
system[32]. More detailed analysis of suppressor behavior has been domeestigate
the effect of PEG molecular weigli83] as well as a proposed way to categorize
suppressors based on synstigiand antagonistic effedi34]. The adsorption kinetics of

PEG have also been studied inailetising microfluidic cell§35]. In addition to PEG,
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polypropylene glycol (PPGand triblock copolymers of PEG and PPG has been
characterized and compared with PE36].

Likewise, indepth characteristics of various leveler molecules including
polyethyleneimine (PEI), polyvinylpyrrolidone (PVP), Janus Green B (JGB), diazine black
(DB), and morehave been investigated and characteri8d-42]. In particular, the
adsorption and inhibition mechanism of PVP has been studied to greaf3&tdB45].

2.2.3. In-Situ Observation of Organic Additive Interactions with Cu Surface

The previously mentioned techniques characterize the effects of organic additives
indirectly, either by using electroanalytical data to infer and propose the molecular
interactions or by esitu material baracterization of the Cu deposiine areaf ongoing
research is in developing fundamental understanding of te&uctureperformance
relationship of various additives at the molecular levekitin techniques artherefore
desired to observe the diteinteraction of the plating bath components with the Cu
electrode under various conditionEhese techniques cartimately enable a predictive
understanding of how a given organic additive will behave based on its molecular structure.

Two methods whiclhave been used for-gitu observatiof the Cu plating surface
are scanning tunneling microscopy (STM%] and surface enhanced Raman scattering
(SERS)[46-48]. Raman scattering is a spectroscopic characterization technique in which
laserinduced interaction with a molecule is observed. The vast majoify photon
interactions will result in elastic, Raleigh scattg. However,a small fraction of photons
interacts byinelastic scattering where the measured energy difference is related to excited
vibrational bonding modes of molecules in the matefiak observed inelastic scattering

is collected over a spectrum, and characteristic peaks can be associated with the presence
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of certain molecular bondSSERS is a specialized Raman technique which utilizes a
phenomenon where the Raman signal is dramaticathamcedhrough electromagnetic
resonance with surface plasmons in specific materials. The effect is limited to noble metals
whose surfaces an@ughened or nanstructured because the vertical (relative to the
substrate) Raman signal must resonate doeatiy with the surfaceSinceCu film growth

by electrolytic plating is inherently rougBERS has been used to gain insight i@
chemical interaction of model additives such as PEG andv8R $he copper cathodEor
example, Gewirth et al. observte Cu surface with a range of applied potentidide
changing the electrolytic bath componenBy systematically adding3-mercaptel-
propanesulfonattMPS) or its derivative structures (butanesulfonate and butanethiol) in an
aqueous solution of Cug@nd HSQ; with and without C| comparative analysis of the
SERS spectra led them to the conclusion that the SPS molecule binds to the Cu surface by
the -SH thiolate group rather than th80; sulfonate group. They also showtht the
presence of Cmodfies the Cu surface to enhance-Shlolateadsorption(Figure2.7) [48].

Similar experiments verified the molecularardaction between Cu, Chnd PEJ46].
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Figure 2.7. SERS spectra of CuS@ H2SO4, CI, and (A) MPS, (B) butanesulfonate,
and (C) butanethiolon Cu surface[48].

2.3  Cu Filled Vias in Glass Interposers
Very little previous workwas foundin demonstrating fullfilled Cu TPVs in glass
interposersA very novel approach was described by Lee et al. which involves bogom
plating of Cu into TGVs made by a waflevel packaging approackigure2.8) [49]. In
this process, a silicon mold is created by patterimingrse pillar structures ia slicon
substrate by deep reactive ion etching (DRAhorosilicate glass wafer is bonded to the
mold and reflowed at 1025 °C. After reflow, the glass has filled the patterned Si mold and

is planarized by chemical mechanical polishi@§1P). Then, the inviese pillar structures
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in the Si mold are etched by DRIE to reveal vias in the reflowed glass. The glass vias are
then filled with Cu by electrolytic plating directly on the bottom of the Si mold. After
bottomup filling, the surface is planarized by CMPRaagand the top layer of the substrate

is metallized. Finally, the bottom of the vias are revealed by CMP and then metallized.
While novel, such a process heavily relies on tdght, lowthroughput processing
methodssuch aPDRIE and glass reflon-urthemore, it has low potential for being panel

scalable.

Figure 2.8. Fabrication process flow of a wafeflevel RF MEMS package[49].

A more manufacturablapproach was demstrated by Corning Inc. in 20134].
The process is similar to what is typically used for fabricating Si interpddeggprocess
begins wih blind vias formed in a thick glass substréieure2.9a). The blind vias are

drilled to a depth greater than the desired final substrate thickness. Ti/Cu is then deposited
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by physical vapor deposition (PVD@riming a seed layer for subsequent bottgurfilling
of Cu and planarizatiofFigure2.9b). Next, the glass substrate undergoes lpaickling to
reveal the bottom of the blind vias, and then another Cu metalfizatep is used to

complete the metallized glass subst(&igure2.9c).

Figure 2.9. SEM cross sections showing various stages of a Si interposgpe
fabrication process of filling glass vias with coppefl4].

As seen in the previous exampledly-filled Cu vias in glass interposehnsiveonly
been demonstrated using bottaim filling of blind-via structures followed bydek grind
and CMP to reveal the other side of the M@ previous literature was found which started

with an ultrathin glass substrate containing vias.
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CHAPTER 3

METALLI ZATI ONHBERANIDO RDIDOFPHRO GLASS

As mentioned previously, the inherently weak adirebetween Cu and glass is one
of the major challenges withisingglassas an electronic packaging substr@ee to the
differences in their chemical structures, most metallic materials such as Cu do not bond
strongly tothe oxide networks of silicate géses. This results in insufficient adhesion and
failure to meet reliability criterian assembled package®ne approach that has been
demonstrated to circumvent this is to coat both sides of glass with a polymer film before
the glass through package v{@®Vs) are made. After the creation of vias by excimer laser
ablation, the polymer surface and the rougheglads via sidewalls can be metallized by
standard electroless procesgE3. The major disadvantagf this approach is its limited
compatibility with viaformation methods. Glass manufacturers have recently developed
proprietary TPV formation processes, some of which are not fully compatible with
polymercoated glass. Direct metallization of coppersmnooth glass surfaces without
polymer also provides more opportunities for lower cost, miniaturization as well as
reliability and electrical performance improvements.

In general, covalerlhtonded oxide networks such as glass bond directly to materials
composed of oxides or oxide interfaces that are st&hee Cu is composed of metallic
bonded atoms, some surface modification that results in an oxide formation can be
expected to result in enhanced bondisgrface modifications can be physical (e.g.,
medanical interlocking) or chemical, with the latter being ideal. For good chemical

adhesion between bare copper metal and glass, fundamental adhesion theory states that it
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is important to have an intermediate metal oxide interface for strong and lastasjoadh
Based on this fundamental principle, a process that enhances chemical bonding through
gradual, continuous materiptoperty changes in the transition from glass to metal oxide
to metal is preferred over mechanibalsed methods to achieve strong esibn. For
example, it is well known that certain, reactive metals with high oxygen affinity (e.g., Cr,
Ti , Zr Mg) exhibit strong bonding Adirect
interfaceqd9, 13]. These oxides are very stable even at high temperatures and in reducing
gas atmosphere¥/hile standard vacuum deposition techniques benefit from this approach
by depositing an adhesion layer such as Ti between Cu and glass, new inn¢{&tib6ak
are required to achieve this intermediate
techniques as described next.
3.1 Roughnessbased Adhesiorof Glass toCu

Electroless copper deposition is a standaet metallization process typically used
for organic substrates. It is a relatively loest, wet processing method involving a series
of steps which includes chemical surface treatments, deposition of catalyst (typically
Pd/Sn) particles, and electrolesspper reduction on the catalyst particles. This creates
three separate, iontlmonded interfaces between the glass (negatively chargesu@etce),
conditioner (positively charged polymer electrolyte), and catalyst (negatively charged
surface) Figure3.1). Except for the bonding between the Pd catalyst and the electroless
deposited Cu, each of the interfaces between glass and catalyst rely on ionic bonding. To
improve adhesion, surface etching and roughening is a typical palgadfoless plating
for organic substrates. Adhesion is improved through increased surface area and

mechanical interlocking with the roughened surface. However, increasing the surface
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roughness of the glagsetal interface will result in higher conductosses, especially at
higher frequencies due to the sldfiect[18]. Additionally, glass roughening processes are
difficult to control precisely and can introduce flaws or cracks, resultimcieased risk

of mechanical failure. Since chemical, covalent bonds are not directly made between the
Cu and the glass oxide network, glass surface roughness is mandatory for achieving
sufficient adhesion. To maximize electrical performance and mechamniegtity, it is
therefore of interest to find the minimum roughness required to achieve sufficient adhesion

through roughening for electroless plating.

E-less Cu
Metallic I E-less Cu
Pd catalyst
Tonic ’ ’ . Q
L — — —
Conditioner . 7
Tonic t Glass
Glass

Figure 3.1. Schematic of chemical interfaces betweeelectroless Cu and glass (not to
scale).

3.1.1. Electroless Cu Deposition

Smooth and roughened glesmsbstrates were provided by Corning, Inc. and Life
BioScience, Inc. Roughened samples were characterized by atomic force microscopy
(Veeco AFM) prior to processng to obtain roughness {Rand ranged from < 1 nm to
0.559mMm.

ElectrolesLCu deposition wassed taform a thin layer ofcopperon the roughened

glass substratesThe electrolesplating steps are substrate cleaning, conditioning
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(deposition of polyrar electrolyte), catalyst deposition, catalyst activation, and finally
electroless copper deposition. Triple rinses in water were performed between each step.
Electroless deposition was performed until @2 of Cu was deposited. Finally, samples
were annaled at 155°C for 30 minutes in air. Tajests were then performed according to
IPC-TM-650 test standards.
3.1.2. Tape Test Results and Failure Analysis

Results of the taptest of electroless Cu on glass are showfignre3.2, in theorder
of increasing adhesion. It can be seen that there is a regime of surface roughness values
(Ra) where the structure of peeled copper changes. In the samples with worst adhesion, Cu
outside of the tape dimensions were peeled, as can be seen byg#tepeagls irFigure
3.2(a, b. As the adhesion increases, the copper film does not peel beyond the edge of the
tape Figure3.2(c)), and then smaller amounts of Cu peel from the gkgsie 3.2(d-f)).
Finally, the glass chemically roughened

peeled CuKigure3.2(g)).
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Figure 3.2. Tape tests for electroless copper on various gkses: (a) Corning SGW8.5
(Ra= 0.5 nm) (b) Corning SGW3 (R = 1.2 nm) (c) Corning SGW3 (R= 0.9 nm) (d)
Corning SGW8.5 (R. = 1.3 nm) (e) Corning SGW8.5 (R= 19 nm) (f) Corning
SGW8.5 (R =46 nm) (g) Life BioScience APEX (R= 0.559 um).

The large rangén tapetest results for similar roughness values (FigdRaan be
attributed to several factors. Roughness values were measured with AFM and could vary
depending on the selected area because the topography was generally not homogenous in
the areasinspet ed (10x10 em and 30x30 &m). The v
instrumental error. In addition to surface roughness, adhesion to glass depends on the glass
chemical composition. High CTE glasses (SGW8.5) are composed of more glass hetwork
modifying ions than low CTE glasses (SGW3); as these ions are positively charged, they
can assist with adhesion to the Pd catalysts.

For samples which failed the tapest, the substrate and peeled interfaces were
analyzed by Xray photoelectron spectroscopy (XP@hermo kAlpha XPS) for the
presence of Cu, Si, and[C5]. Representative XPS elemental Pd and survey scans of the

peeled Cu and the exposed glass are showigure3.3. It is apparenthat Pd was detected
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only on the peeled Cu, while C was detected only on the glass surface. Assuming that the
only source of carbon in the system is the polymer electrolyte conditioner, this suggests
that the weakest interface in the electroless coplass is that between the conditioner

and the Pd catalyst.

Figure 3.3. XPS elemental Pd and survey scans of the peeled Cu and the exposed
glass.

With the current electroless process, a surface roughneke order of hundreds of
nanometers is necessary to achieve sufficient adhesion to pass the tape test. Based on the
skin-effect, Brist et al[18] modeled the effects of surface roughness eatetal loss and
introduces an additional electrical loss factey, Where a value of 1 represents the factor
for smooth surfaces (i.e., no additional loss). At an electrical freguegri®©® GHz, surface
roughnessvaluesf 0. 2 e m and gUalués ofe-Inl andkelHh, Fespectivaly K

[18]; i.e., Cu with 0.6 em roughness will/| hav
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