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Nomenclature

= Arrhenius preexponential factor

= Coefficient of friction

= Instantaneousoefficient of friction

= Averagecoefficient of friction

= Proportionality constant for mechanical rate constant
= Slurry reactant molar concentration

= Exponential factor for temperature simulation in removal rate m

= Activation energy

= Downforce

= Shear force

= Shear Force

= Downforce

= Metal film thickness

= Electrical current

= Boltzmannbés constant
= Prestonds constant
= Chemical rate constant

= Mechanical rate constant

= Length of rectangularosssectioral area
= Abraded passivation layer

= Passivation layer formed from chemical reaction
= Molecular weight

= Polishing pressure

= Slurry reactant

= Density

= Removal rate

= Sheetesistance

= Wafer surface film

= Sommerfeld number

= PseudeSommerfeld number

= Mean pad surface temperature

= Wafer surface reaction temperature

= Velocity

= Voltage

= Width of rectangular crossectional area
= Fitting parameter used in removal rate modeling
= Slurry film thickness

= Instantaneous directivity

= Average directivity
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= Variance of downforce

= Variance of shear force

= Slurry viscosity

= Coefficient of friction (identical t&€ OF described aboye
= Electrical resistivity
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Abstract

The firstpartof this studyexplored theeffect of conditioner types and downforces during
pad breakin on pad surface micrtexture evolution is investigated. In this study, two substantially
different discs were employed (i.e. conventional versus €v&ted), each at two different
downforces. Bd samplesvere extracted throughout the breiakprocess and their surface miero
topography and padafer contact characteristiegere analyzed using confocal microscopy. The
two conditioning discs reseltl in different evolution paths during break In general, the
conventional disc produdemor e pad A f readgdng ngetingountet ast taller
Aartificial 06 asper i-toateddiscals comtrasmiheagerdla shaving attibne
of the CVD-coated promotéeventual flattening of the asperity tips. Regardless of the disc type,
the mean summit heights decrehaead reach stable values as bregakrogressé. Compared to
the CVD-coated disc, the conventional disc restdlh higher mean sumit curvature indicating

sharper asperities.

In the second part of the studihe effect ofdifferent types oftonditiones usedduring

tungsten chemical mechanical planarization on frictional, thermal, and kinetic aspects of the

processvasinvestigatedBased on a previous workgardingthe effect of conditioner type and
downforce on the evolution of pad surface mitawture during breakn, two significantly
different discavere employed (i.e. conventional \GVD-coated). Mirimarathonstyle tungsten
CMP runs wereconductedwith each disctype, followed by tungsterpolishing atvarying
combinations of pressures anelocities. Pad samples were extracted before and after the mini
marathon polistmg runs for confocal microscopgnaly®s of ther surface micro-texture.

Compared to the CVigoated disc, the more aggressive nature of the conventional disc mroduce

14
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agreater mean summit height, sharper asperities, higher contact density, and more pad fragments
(with the | atter act i a@omgagaentlf, dhe surfdce midestlire pad a
generated by the conventional d@oducel highervalues ofdirectivity and removal rates. We

found that the mechanical effects weetelimiting for tungsten removalor both discs. The
conventional discesulted in a removal rate constant that wag@rcent highethan its CVD

counterpart owing tds more aggressive nature and plaelsurface micretexturethat it caused

Within the third segment of this studyet effects of different types abnditioners (i.e.
conventional vs. CVEcoated) on the evolution of frictional, thermal, and kinetic aspects of the
tungsten chemical mechanical planatima were investigated. Two types of conditioning discs
were used to conduct mimarathons. Due tostmore aggressive nature, the conventional disc
was able to result in steady values of coefficient of friction (0.438) and blanket tungsten removal
rate @,530 A/min) throughout the miainarathon. In contrast, the CVébated disc resulted in a
significantdecay in coefficient of friction (from 0.440 to 0.373) as the fmarathon progressed.

At the same time, removal rates also dropped 26860 to 2,460 A/min. The decays observed

with CVD-coated disc were likely due to its gentle nature and thus imatslity to remove

reaction byproducts as they got generated during repeated polishing. This hypothesis was
confirmed by performing a minharathon with a much less chemically active slurry which did

not cause any decays in polish metrics. Since mechafieats were previously found to be rate

i miting, Prestonds equation was able to adeq

each and every wafer polished during the mmairathons.

In the fourth part of this study brandnew conventioal diamond disc was subjected to
32 hours of wear during which SEM imagesceftainactive diamonds were taken and pad cut

rates weremeasured. ILD wafers were polished before, midway through, and after the wear test
15



(on a branehew pad) avarying combinations of pressure and velociyngsten wafers wedso
polished midway through, and after tB2hourwear Polishing was accompasd by pad surface
topography analysis via confocal microscopy. The disc experianmpaificant diamond tipicro-
wearalong with dried slury accumulation oiits substratecausing pad cut rate to drop by a factor
of 2. Despitethis drastic changeover the duration of the wear test, there were no substantial
changes in pad micttexture nor ILD or tungsterremoval rate indicating the lack of any

correlation between pad cut rate and film removal rate during the first 32 hours of wear.

The fifth pation of this study explored novel experimental technique utilizing UV
enhanced fluorescenaehich was developed and used to measure fluid film thiclesessd
general flow patterns during conditioning on a polishing pad.method was successfully applied
to sveral case studies for analyses of how conditioners with different working face designs (i.e.
complex vane, fulface and partialace), in conjunction with different platen angular velocities,
affected fluid transport. In generéby all discs typedjuid across the pad followed similar trends
where films were thickestear thevafer track centeaind thinneshear thgpadedge(measurements
showed a thickness range of appx. 0.5 to 1.1 rfon)all discs, the time for the filthicknesse
to reach steadsgtate increased in proportiontteedistance away from the padnter(times ranged
between 12 and 62 sec)hd fulk-face conditioner consistently produced the thinnest films and
reached steadstate the fastest. In contrast, the complex caneitionercreated the thickest films

and took longest to reach steestyte.

The sixth and final part of this studgvestigated the tribological, thermal and kinetic
aspects of Si@and SiN4 polishing on both blanket and patterned wafersSTI CMP. Results
showed thebsence of anomalous tribological vibrational behaviors thanks to synergies between

the colloidal Ce@based slurry and the applicatispecific conditioning disc. Pad mictextural
16



analysis revealed that the conditioner was able to maintain ayhaghy pad surface without pore
obscuration and with a sufficient number of tall asperities. In all cases, the dominant tribological
mechani sm was fAmi xed [fanbothiSi© andiSiNnpoocesseseshowed a | r a
nonPrestonian behavior as both mechanical and chemical factors were at work. However, the
SisN4 process was much more nBnestonian than SKOAs expected, 8N4 polishing resulted in

COF values that were approxately onehalf of their SiQ counterparts. This resulted in high
values of Si@SisN4removal rate selectivity. A modified Langmikiinshelwood model was used

to simulate removal rates with remarkable accur@tywing us to extract both chemical and
mechaical rate constants, and conclude that the procesdegagned to be (due to the nature of

the slurry used)mechanicallylimited for Si& and highly chemicallimited for SsN4. Time

traces extracted from patterned wafer polishing showadGOF couldndeed be utilized as a
reattime indicator for engoint detection. Data on patterned wafers was consistent with the
observed COF time traces in that after 6 minutes of polishing, we observed the total removal of
SiOz with a hard stop on 8M4. Endpointsreached were also consistent with our blanket wafer
polishing data. Regardless of pattern density and pitch; I®i@oved was not proportional to
polish time. This was a result of the low colloidal ceria rpadicle content in the slurry which

was explaned via a phenomenological model.

17



Chapter 1: Introduction
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1.1 Chemical Mechanical Planarization Overview

For the past several decadesiemical mechanical planarization (CMP) has been
successfully implementedtmthefabrication process ahtegrated circuit (IC) as it continues to
be the only means of achieving economicaigble globalmillimeterand centimeter scaleand
local (micrometer scaleplanarization[1-4]. In the 1980s, confronted witthe dallengesof
rapidly diminishing feature sizes and evetreasing transistor densit{gM first introduced the
modern CMP techniqui produce the necessary level of planarity required in IC manufacturing
[2-10]. IC units are made simultaneously on a single silia@fer allowing for high volume
manufacturing (HVM) process and improved efficiency. Currently, 300 mm sized wafers are what
is preferred in IGnanufacturingndustries. Figure 1.1 shovas exampléop-view of a completed
300 mm wafer with roughly 150 dies its surfaceThese individual @will eventually becutout

of the wafer to become IC units for use in electronic devices.

Fig. 1.1: Topview ofa completed 300 mm wafer

19



The manufacturinglow for making IC units can be most easily described as a sequential
layeringunit operations basqaocessand can be broken up into 3 categofdsThesecategories
are commonly known aée front end of the line (FEOL), the middle of the line (MOhyl dhe
back end of the line (BEOLprocessing5, 8, 9] FEOL generally represents the initial series of
steps and layers involved in the formation of the transistor devices on top of the silicon wafer
surfae. MOL represnts the myriad of sequentialiigsitedlayers involved in the formation of
theinterlayer dielectric (ILD) materials armbntact metal plugwhich aregenerallycomposed of
tungsten or cobalith appropriate adhesicand diffusion layers suchs titaniumandtitanium
nitride (in the cas of tungsten)BEOL refers to the collection of steps that form the riaiter
interconnectgtypically composed of coppetantalum and tantalumitride) as well as the final
passivation layelin total, a finished mukiayer IC consists of hundreds sgquential steps, all of
which are relianto some degreen precision planarityA general schematic of an IC cressction

and its varying layers is shown in Figure 1.2.

copper conductor (8 layers)

i
II copper plug
[ |
inter-layer I I . source drain
dielectric I| ﬁ isolation
11 ‘
Ny .
1 i
e
tungsten
plug I l .. ) . sl
I l I I gate oxide polysilicon gate

silicon

Fig. 1.2: General schematic of IC cross section.
20



Initially, ILD CMP enabledthe formation and stacking afomplex multilayer metal
interconnection irboth logic anl memory deviceat t he 0. 8 ¢ nj7].tAeaddten ol ogy
time, the introduction of shallow trench isolation (STI) Ched the way fothe development
of the 0.35 &em t eandohliod (BEPY) pracesdeld 1].iTime utflizatmom df

tungsten CMP in MOL and BEOL processes enabled manufacturing below the 0.18 node.

CMP is a dynamic polishing proce@nd one that never reaches stestdye conditions)
that utilizesboth chemicahnd mechanical forcesomplimentarily with each other &chieve a
more planamaterial removaand less defedtee surface as compared to when the two forces are
used independentl{8, 12]. A simplified diagram of a singiplaten CMP polishing system is
shown inFigure 1.3 During CMP, a wafewith its dielectic and metal materiaside facing
downwardsis attached ta carrier head by means of both vacuum suction and a retaining ring
whichare used tprevent wafer slippag®Vith a specific downforce, the carrier head then presses
the wafer onto the surface afpolishing padypically composed of porous polyurethabeiring
processing, the wafer carrier head and the platéich the pad is adhered, tare rotated in
congruent directiong&known as harmonic rotatiomut with slightly varying rotational veloa#s.
Simultaneously, a slurry composed of varying chemical agents and abrasive nanoparticles is
injected to the center of the pad surface. The dynamic process kinematics, aided by the pores and
sometimes grooves on the pad surfa@gsport the slurry tthe padwafer interface3-15]. Here
certainchemical agents within theurry are utilized to form a soft passivation layer and promote
chemical etchingf the wafer surfaceAt the same timethreebody contact between the wafer,
slurry nanoparticles, and pad surface asperities mechanically abradestkenedvafer surface
leading to lhe uniform material removal on global and local sfE#¢. Howeverdue to the applied

pressure of the wafgethe pad surfaceapidly undergoes plastic deformation causing changing in
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the pad surface micrtexture. This degradation, coupled with the buifd of polishing by
products within the pores of the pad leads to inconsistent polishing performanceonhitutes

the needfor conditioning the pad surface to enstinat a consistent surface mictexture is
maintainedDuring conditioning, a disc is sweatross the padith a certainapplied downforce

and rotational speed. This pad conditioner disc hatsssurfacenany (ranging between hundred

to tens of thousandsynthetically grown diamonds, or other protruding sharp features, which are
used to regenerate the pad by cutting itdgurface to maintain the consistent miteature and
physically renove process bproducts. When conditioning is performed in unison with wafer
polishing the process is referred toiassitu conditioning. In addition to the conditioning disc
being usedn-situt 0 mai ntain a steady pirnooeebsistalledpad i s al
prior to polishing ever commences. This br@alprocess is done as, initially, the surface micro
texture of a brandghew pad is not adequate to support the stringent demands of modern CMP

processes.

Carrier Head

+———  Polishing Pad
Retaining Ring and - e Pad Conditioner
Wafer —— \, 4

MR

e Slurry Tube

-— Platen

Fig. 1.3: Diagram of a CMP plisher[17].
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1.1.1 Polishing Pads

Polishing pads are most commonly composed of polyurethane as this material has excellent
chemical and mechanical stability as well as high resistance to the chemicals used iMHek&P.
are, however, mangtifferent varetiesof polyurethane and their polishing characteristics depend
substantially on theirmostly propriety manufacturing processgl8]. The two types of
polyurethane polishing pads manufactured for CMP are defined as thermoset and thermoplastic.
The thermeplastic polyurethane has a molecular structure largely composed of linear tblaains
give it high elastomeric properties and durability. Conversleé¢/molecular structure of thermoset
polyurethane is mainly crosslinkeghich yieldsa greaterwear resisincein comparison to
thermoplasti¢19]. The micretextures and porous structures are generated and contriallta
polyurethane casting process. The pad grooves are made by either cutting them onto a previously
manufacture pad or by use of a mold design during casting pf@8¢sA crosssectional scanning
electron microscopy (SEM) image of a DowDupont ICTORGgrooveporous polyurethane pad

is shown inFigure 1.4below.

Fig. 1.4: Crosssectional SEM of a DowDupont IC100B-groove pad18].
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1.1.2Conditioning Discs

Conventional conditiong discs (or conditionerdypically contain tens of thousands of
synthetically grown diamonds on their working facbe diamonds sharpness and arrangement
on the conditioner disc can vary betwebe respective manufactuier8pecificationsand the
intellectual properties that ¢ly hold The diamond sizeslso varyfrom disc to discbut are
typically on the order o8B0 to 200microns. A CVD-coated conditioner discs commonly
comprised of a SN4 working face on top of which is a CVD diamehkie carbon (DLC) coating.
These type®f conditioner discs do not rely on the synthetic diamonds to condition tlge pad
surface Rather, thewtilize the abrasive micrtexture of the DLC coating on theovking faceof
the conditionerWith CVD-coated conditioner discs, the migexture of tle working face can be
much more finely controlletherebyallowing for DLC coated structurelsat areon the order o&
meretens of micron§20]. Figure 15 shows SEM images of both a typical conventional and CVD

coated conditioner disc working face.

Fig. 1.5: SEM image of a conventional (left) and G¢Bated (right) conditioner disi21].
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As previously mentioned, conditioning of the pad surface is a critical factor in CMP
processing. Conditioning is used to regenerate and maintain a consistenfg@araicrotexture
by opening pad pores and removprgcess byproducts. Figure 1.6hows topdownSEMimages
of a Dupont IC100¢° polishing pad with and without conditioningn the image of the

unconditioned padhe buildup of debris and polishing byroductcan be seen.

Fig. 1.6: Top-down SEM images @upont|C1000° polishing pads that are (left) conditioned
and (right) unconditione¢1].

1.1.3 Chemical Slurries

Generally slurries arenulti-phased and multomponent systentomposd of a mixture
of abrasive namparticles, deionized water, and a variety of chemical agents. These chemicals are
commonlycomposed obxidizersand organic compounds that act as dispersion and passivation
agents.Slurries also contain dispersants, fungicides and biocides depending on thelumuge. S
behavior and interaction at the padfer interface is crucial as it is a defining factor in CMP

performancg10].
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Oxidizing agents are key chemical componemithin slurries as they are used to create
soft (passivatedpxide surface layersnostspecifically on metalliavafer films that can be more
easily removed by the slurryods arfargcinitale nanoyp
(Fe(NQ)3), andpotassium iodate (KI§) are some typicaloxidizers that are most commonly
utilized in CMP[22]. Another common chemical component of slurries are surfactants. Surfactants
are utilized in slurries because they can modify the net chargduoeelectrostatic stabilization
as well as provide a steric barrier between the abrasive nanoparticlesfantilmasurface[10].
Electrostatic stabilization is important as it helps stop slurry agglomeration from occurring which
can causesubmicro-scale scratches, or defects, on the wafer film surface during polishing.
Inhibitors is the last of the majahemcal component within slurries. Inhibitors are typically
organic compoundsthat are used to minimize undesirable gigiactions from occurring-or
example, inhibiting compounds are regularly used during metal CMP to prevent corrosion from

occurring on thevafer surfacg2].

Beyond the variety of applications of chemical agents, slurries also contain abrasive
nanoparticles which are utilized to accomplish the majority of the mechanical actions during the
process.The nanoparticles, in unison with the poirgi pad asperities, contact and abrade the
chemically weakened wafer surface allowing new material to become exposed for further chemical
reactionto occur[2]. Silica, ceria, and alumina are the three most widespread types of abrasive
nanoparticles thatra used although the use of alumina has become quite rare nowadays due to
the fact that it causes surface defects during polisfihg type of nanoparticle as well as its size
distribution are criticain CMP as they could have a great impact the peréooe of the process.

SEM images of the different types of particles are showigare 1.7
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Fig. 1.7: SEM images of (a) colloidal silica, (b) fumed silica, (c) alumina and (d) ceria parf28&5].

1.2 Chemical Mechanical Planarization Applications

As previously mentioned;MP has been widely adopted witléach of the three segments

of the IC manufacturing processe( FEOL, MOL, and BEOL for planarization of:
1 Interlayer Dielectricl.D)
1 Tungsten (Wplugs

1 Shallow Trench Isolation (STI)
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1.21 Interlayer Dielectric (ILD ) CMP

ILD CMP is the most common planarization process in semiconductor manufacturing with
its utilization being adopted in both MOL and BEOL fabricati®ficon dioxide (SiQ) is the
most commonlyused ILD material and is deposited, by means of chema@dr deposition
(CVD), on top ofpreviouslyetched metal structurehe purpose of the ILD material is to act as
an insulator between the respective metal interconnects and promote properuetioadlity.
Due to the peakand valley topography of th@reviouslyetched metal laysythe SiQ film that
is depositedn the surface isonplanar. Thus, this necessitates the need for CMP to create planar
surface in which the following steps can jpedy be built uponFor these reasons, ILD CMP has
focused on the optimization of consistent material removal rate and uniformity across the wafer
surface (on both a global and local scale) as the critical areas of developsErgmatic diagram
of ILD CMP is shown irFigure 1.8

ILD
TILD CMP target

Poly-Si

STI

Fig. 1.8: A schematic of ILD CMIP10].
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1.2.2TungstenCMP

Tungsten CMP is heavily relied upon in BEOL and MOL processes for the formation of
contacts, or plugs, to properly connect transistors to interconnecting [[2§prSungsten is used
asa commorcontact materiah IC fabricationbecause it acts as effectivediffusion barrier and
has exceptional electromigration performance (in comparison to copperis/kiabwn to diffuse

into theadjacentas well as underlyingilicon structures)7].

The tungsten plug fabrication process first begins by etchirgnah into the oxide laye¢o
create a vertical vidhis is followed by physicatapor deposition (PVD) of a thin film of titanium
and titanium nitride (Ti/TiN).This film stackacts as a barrier layandis essential due to poor
tungstento-SiO, adhesionfeasibility. It also prevents any tungsten to diffuse out and cause

electrical shorts onterfere with the dopants present in the transistors.

After the deposition of the barrier layer, CVD is used to fill the vertical viatwitgsten. The
CVD process creates an overburden layer that must be removethdsten CMP which is
typically performedn steps First, the bulk tungsten overburden layer is removed and the CMP
process is stopped on the barrier layer. Subsequently, @ds€d&P process is used to remove the
thin barrier layer of Ti/TiNfrom the SiQ surfacewhile minimizing dishing and erosiq@aslater
exemplified in Figure 1.10df the tungsten contacklative to its neighboring materials and
structures (such as thelfieareas)An illustration ofthetungsten plug fabrication process is shown

in Figure 1.9
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Trench formation

Contact Layer Deposition

Adhesion Laver Deposition

Tumgsten Deposition

lumgsten UM

Contact' Adhesion ChP

Fig. 1.9: Simplified tungsten contact formation process scherfihit.

1.2.3Shallow Trench Isolation §TI) CMP

STl is predominately used in FEQtrocesses to provide dielectric isolation between
transistorsaand prevent shotircuiting of adjacent devicd@7]. The STI process begins with the

thermal growth process of a Si@ayer followed by the deposition of silicon nitride $4) above
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it. Thereafter, reactive ion etching is used on both layers to form a trench in the isolation area
which is then filled bysome type o0& SiO: CVD [10, 2831]. Similar to the tungsten CMP process,

the STI CMP process gerformedn two stepslin the first $ep, the excess CVD Si@ removed

from the top ofthe ative areas (i.e. 8N4/SiO; film areas that have not been removed due to
etching).Within this step, the performance requirement is to achieve an acceptable global planarity
and a minimum number slrface defects (i.scratches)in the second step, the remaining 5i0O

film is selectively removed to expose the underlyingNsiwhere the process is stopped and no
further planarization is dorjé&, 32]. During this segment of the STI CMP process, thiedive is

to exposebut not removethe active silicon nitride layexhilst alsominimizing SiQ dishing in

the trench(Figure 1.10) This is necessary for the deposition of subsequent layers within the IC
fabricaton process that will become the transisfonon-uniform step height due to Si@ishing,

or erosion of the 8N4 film, can cause incomplete contastd failureat the tranistor gate level

[10]. Furthermorethe complete removal of the Si@aterial on top of the S\ais crucialas well

If not completely removed, thresidualSiO. will act as a mask during thesSis dry etch stripping
portion of theprocess which willalso cause the transistor to f§l3, 34] To combat these issues

and accomplish an acceptable STI layer, eleaised slurries are most commonly used because of
their inherently high Si@to-SisN4 removal rate selectivitj10]. Figure 1.11shows aschematic

representation of an ideally executed STI process.
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Before CMP After CMP

— —

Erosion

e Dishing

Fig. 1.10: A schematic representation of dishing and erosion in (38P.

Silicon Dioxide Silicon Nitride
(a) Deposition of silicon nitride over silicon dioxide

I
Trench Active Trench Active Trench
Area Area

(b) Removal of silicon in the trenches by etch

D D
(= o ——
Active D Active
Area Area

(¢) Deposition of dielectric D

—_— —_—
AArct:;e D A:::; D

(d) Removal of excess dielectric by STI CMP
Gate Gate

3 4 » N N
D N wel D PWell D

(e) Subsequent processes lead to formation of transistors in the active areas

Fig. 111 A schematic representation of the STI prod8€4 .
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1.3 Cost of Ownership (COO) and the Environmental Impact of CMP

CMP is one of the most expensive processes in IC manufactiangexample, the
extensive use of deionized wafer to dilute slurry and clean the paldeawalfer between polishing
has been found to account for as much as 40%heentire water consumption within an I1C
fabrication facility[37]. However, the high cost of ownership (COO) associated with CMP is more
specifically related to its consumable costs as well as the fairly low process throughput and
efficiency.CMP procasing performance is based on many variable inputs which can interact with
each other in complicated fashions. A major portion of research done in CMP is motivated by the
ultimate goal of creating a more efficient process that alglo lower both the COO and
environmental impactAs depicted inFigure 1.12below, nearly the entirety of the total

consumable cost (over 90%) are dughslurry, pad, and conditioner

= Pad

= Slurry

= Conditioner
PVA Brush

m Slurry Filter

m Post CMP Clean

Fig. 1.12 Cost of CMP consumabl¢38].
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Slurriesaccount forapproximately49% of CMP consumable costs and are composed of a
mixture of different chemical agents aabrasive nanoparticlas alreadypreviously mentioned.
Currentlyin CMP, the accepted practiceto dispenséne durry from a single injection pointear
the center of the pad wherastdlowed to flow freely over the rotating pad surface. Due to this
action, the slurry utilization efficiency is substantially minimizegdnging from 2to 25%
depmending @ ather process parameters such as pad groovgnjes large amousbf slurry are
drawnoff the pad and transported directly into the waste stogaario centrifugal forcg89]. The
chemical waste produced from these slurries during CMP processing can pose environmental,
health and safety (EHS) risks if gone uncheckeda Aessulf chemical waste from CMP process
are treated before their disposal. However, the capture and tréatnséurry nanoparticlebave
shown to be inefficiersind costly{40]. The combined effects of low slurry utilization in CMP has
posed both major COOsawell as avironmental concerns. For these reasons, a greater
understanding of how the polishing progés affected by slurry constituents is necessary so that

appropriate changes can be made to meet the COO as well as the EHS impact needs.

The polishing pad accounting for 33% of cost, is another important consumable - High
volume manufacturing (HVM) CMIB constantly exploring ways to increase tiseful life of the
polishing pad whilealsomaintaining adequate process performafgs is an important subject
of research in CMP because not only can highdrlpas lead @ increased polisher availabyfit
but it can also reduce the expense of pads as well. Pad life has been found to be related to the
abrasiveness of tteurry and conditioning process among other factors. Operational costs can be
decreased by learning more about the interplay of theseic@ibles so that they can be efficiently
and effectively utilized during polishing@hroughout HVYM CMP, the polishing pad is constantly

being subjected to degradation from the process necessitating the use of the conditioner disc to
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regenerat¢he pad sudce. However, in order to condition and regenerate the pad, the conditioner
must cut into and remove pad material. This leads to the eventual discarding and replacement of
the pad after a period of tim&enerally speaking, pad livelse to50 hours areonsidered to be

acceptable in IC manufacturing.

The conditioner is another major component in CMP and accounts for 13% of the total
consumable cost. Like the polishing pad, the conditioner has a limited lifespan and must be
replaced after some tingan acceptableonditioner lifespan is approximated to3§eto100 hours)

[41]. Suffice it to say that a conditioner needs to last at least aatagad; preferably twice as

long.

It has been previouslyeported that less than 1% of the diamonds on a conventional
conditioning disc are activparticipantsin cutting the polishing pad41, 42]. These active
diamonds are also subjectediro-wea from the conditioning procesghich changes how they
condition the pad surfa¢él, 42] In addition to this, the substrate surface of the conditioner which
holds the synthetic diamonds in place can degrade over time due to corrosive propertiesdassociate
with chemicals in the slurryi’he low diamond utilization efficiengyctive diamondnicro-wear,
and substrate surface corrosiassociated wittltonventional conditioning discs has led to the

wider adoption of CVEcoated conditioners.

Due to theséssues, detter understanding of the relationship between the conditioner and
generated pad surface midextureis necessitated especially for CMidated conditioning discs
as there is currently a limited number of published studies. Studies on tj@st iduld be used
to extend both the pad and conditioner life as well as improve polishing performance leading to

improved COO and reduced environmental impacts.

35



1.4 Research Motivation and Goals

The primary motivatiomnd goabf this work is teexplore solutions tdifferentchallenges
in CMP that have already been outlined in Section 1.3. These solutions can be found by developing
a better understanding of several fundamental aspects of SLRHP asthe implementation of
different process paramets and the exploration as to tledfect of differing consumablsets

Studies into these subjeetdl be beneficial in reducing environmental impacts and COO.

Within this dissertation, there are six primary studigdfe respective studies are
independat of one another yet cohesive to the overall goal of the Wirk motivation and goals
of these six studies are described below and also appear as individual chapters within the

dissertation

1 Insights into Tungsten Chemical Mechanical Planarization: RaBurface Micre
Texture Evolution during Pad Bredk (Chapter 4): The effect of conditioner types
and downforces during pad bremk on pad surface micrtexture evolution is
investigated. Two substantially different discs are employed (i.e. convdntisna
CVD-coated), each at two different downforces. Pad samples are extracted throughout
the breakin process and their surface midopography and padafer contact
characteristics are analyzed using confocal microscopy. The two conditioning discs
resultin different evolution paths during break In general, the conventional disc
produces more pad Afragmentso that get
compared to the CVIgoated disc. In contrast, the gentle shaving action of the-CVD
coated ¢ promotes eventual flattening of the asperity tips. Regardless of the disc

type, the mean summit heights decrease and reach stable values-@s pregiesses.
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Compared to the CVigoated disc, the conventional disc results in higher mean summit
curvaure indicating sharper asperities. This work underscores the need for optimum
conditioner design for attaining a steady pad surface miexture at a given

downforce and within a reasonable bra&akime.

Insights into Tungsten Chemicklechanical Planarization: Part II. Effect of Pad
Surface MicreTexture on Frictional, Thermal and Kinetic Aspects of the Process
(Chapter 5): The effect of different types of conditioners used during tungsten chemical
mechanical planarization (CMP) on fimnal, thermal, andinetic aspects of the
processis investigated. Based ate previous workfrom Chapter 4regarding the
effect of conditioner type and downforce on éwelution of pad surface micitexture
during breakin, two significantly differetdiscsareemployed (i.e. conventional vs.
CVD-coated). First, minmarathon style tungsten CMP ruae conducted for each
disc. Thesarefollowed by tungsten polishingt various pressures and velocities. Pad
samplesareextracted before and after theni-marathon polishing runs for confocal
microscopy (CM) analysis of their surface mitexture. Compared to the CV&pated
disc, the more aggressive conventional gietucesummits thatre60 percent taller
and 50 percent sharpéiralso causesontact density to be more than four tinfegher
likely due to the many more pad fragments that it gerer&tensequentially, the
surface micreexturegenerated by theonventional disproduces 50 percent higher
directivity and a 60 percent higher renabwate. For both discs, we found that
mechanical effectareratelimiting for tungsten removal. The conventional disc result

i n a Pr est o isa4sperceohiglset tlran its C¥Dhcaunterpart owing to its

more aggressive nature and pad surfaioeaitexture that igenerates
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1 Insights into Tungsten Chemical Mechanical Planarization: Part 11l. Niiarathons
and Associated Numerical Simulatiof@@hapter 6): The effects of different types of
conditioners (i.e. conventional vs. CMdated) on the evolution of frictional, thermal,
and kinetic aspects of the tungsten chemical mechanical planarization (EGMP)
investigated. Two types of conditioningdsareused to conduct mismnarathons. Due
to its more aggressive natureported on in Chapter 4the conventional disis able
to result in steady values of coefficient of friction (0.438) and blanket tungsten removal
rate (253 nm/min) throughout thmini-marathon. In contrast, the CVébated disc
resultsin a significant decay in coefficient of friction (from 0.440 to 0.3@8)he mini
marathon progresseAt the same time, removal rates also dropped from 286 to 246
nm/min. The decays observed willvD-coated disgs likely due to its gentle nature
(also reported on in Chapterand thus in its inability to remove reactionpsoducts
which aregenerated during repeated polishing. This hypothissisonfirmed by
performing a minimarathon with a mucless chemically active slurry which did not
cause any decays in polish metrics. Since mechanical effects were previously found to
be ratelimiting (as reported in Chapte),5 Pr e st o nisdable te adeqaately o n
simulate the removal rates and theands for each and every wafer polished during

the minimarathons.

1 Effect of Conditioner Disc Wear on Frictional, Thermal, Kinetic and Pad Micro
Textural Attributes of Interlayer Dielectric and Tungsten Chemical Mechanical
Planarization(Chapter 7)A brard-new conventional diamond disesubjected to 32
hours of wear during which SEM images of active diamametaken and pad cut rates

aremeasured. ILD waferarepolished before, midway through, and after the wear test
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(on a branehew pad) at varying ecobinations of pressure and velocity. Tungsten
wafersare also polished midway through, and after theh®2r wear. Polishings
accompanied by pad surface topography analysis via confocedscopy. The disc
experiencesignificant diamond tip micrevearalong with dried slurry accumulation

on its substrate causing pad cut rate to drop by a factor of 2. Despite this drastic change,
over the duration of the wear test, thexao substantial changes in pad miteature,

nor ILD or tungsten removal ratedinating the lack of any correlation between pad

cut rate and film removal rate during the first 32 hours of wear.

Effect of Various CVECoated Conditioning Disc Designs and Polisher Kinematics on
Fluid Flow Characteristics during CMEChapter 8): A novetxperimental technique
utilizing UV-enhanced fluorescends developed and used to measure fluid film
thicknesses and general flow patterns during conditioning on a polishing pad. The
methodis successfully applied to several case studieariafyses of how conditioners

with different working face designs (i.e. complex vanefiadle and partialace), in
conjunction with different ptgn angular velocities, affefiiid transport. In general,

for all discs types, fluid@oss the pad followimilar trends where filmarethickest

near the wafer track center and thinnest near the pad edge (measurements showed a
thickness range of appx. 0.5 to 1.1 mm). For all discs, the time for the film thicknesses
to reach steadsgtate increasas proportian to the distance away from the pad center
(times ranged between 12 and 62 s). Thefade onditioner consistently produces

the thinnest films and reachsteadystate the fastest. In contrast, twmmnplex vane
conditioner createthe thickest films anthkeslongest to reach saely-state. The work

demonstrateshe significance of understanding and visualizing the mechanisms that
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can contribute to fluid transport during CMP and how our novel technique could
contribute, in the near future, to a greatedenstanding of fluid transport during-

situ conditioning.

Tribological, Thermal and Kinetic Characterization of SiO2 and Si3N4 Polishing for
STI CMP on Blanket and Patterned Waf@hapter 9)We investigatéhe tribological,
thermal and kinetic aspecof SiQ and SiN4 polishing on both blanket and patterned
wafersfor STI CMP. Results shothe absence of anomalous tribological vibrational
behaviors due to synergies between the colloidal >®e@ed slurry and the
applicationspecific conditioning discPad micretextural analysis revealthat the
conditioneris able to maintain a highuality pad surface with no pore obscuration and

a sufficient number of tall asperities. In all cases, the dominant tribological mechanism
isAimi xed | ubr i cradsfooboth Si@aRkeIMNa2 pracésses show non
Prestonian behavior as both mechanical and chemical fastas work. However,

the SgN4 processs much more notiPrestonian than SiOAs expected, SN4 polishing
resulsin COF values thatreapproxmately onehalf of their SiQ counterparts. This
resultsin high values of Si@SisN4 removal rate selectivity. A modified Langmuir
Hinshelwood models used to simulate removal rates with remarkable accuracy
allowing us to extract both chemical and mechanical rate constants, and conclude that
the processs mechanicallyimited for SiQ: and highly chemicallfimited for SgNa.

Time traces extracted fropatterned wafer polishing showsat COF could indeed be
utilized as a realime indicator for engboint detection. Data on patterned wafers
consistent with the COF time traces in that afteiirf@utes of polishing, we obsertiee

total removal of Si@with a hard stop on &4. For patterned wafer polishing, the
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amount of SiQremovalis not proportional to polish time. That is regardless of pattern

density and pitch, Si€removalis greatest towards the end of the process.
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Chapter 2: Experimental Apparati
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2.1 APD-800 Polisher and Tribometer

All of the studies within this dissertation were conducted on an AracagU®Dpolisher
and tribometer. The APBB0OC®, developedointly by Fujikoshi Machinery Corporatio(Nagano,
Japan)and Araca, Inc(Tucson, AZ USA) is asingleplaten research and development system
designed to procegsth 200-0mm and 306mm wafer substrateslhe polisher is equipped with
signal acquisition hardware suels directiord e pendent |l oad cel-806® and A

proprietary signal analysis software.

These distinct features provide the polishing system with the unique ability to acquire, in
reaktime, accurate shear and normal force data measuremerftequency as high as 2,300 Hz.
The APD80CP is also equipped with motor currents data acquisition, amplification, and recording

hardware for the carrier, platen and conditioner with capabilities up to 2,300 Hz.

Additionally, the polisher is equipped Wwitan adjustable singieoint infrared (IR)
temperature sensor fdhe measurement of the retiine pad surface temperature during the
polishing process. The pad surface temperature can also be obtained at the same acquisition rate
as the force and motor ant transducers. iAimage of the polisher system with its major
components emphasized and a bde$criptionof these main parts are shownHFigure 2.1 and

Table 2.1, respectively.
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Fig. 2.1: APD80C® polisher and tribometej43].
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Table 2.1: Major components of AFEDG®with brief description of functionalit43].

Part Part Name

Function

A Wafer carrier motor

B  Shear force load cell

C Conditioner carrier motor
Control panel

E  On/Off switch

F  Emergency stop switch

G Automatic run switches

H  Manual switches

| Signal conditioners and amplifiers

J Platen, wafer and conditioner carriel

Down force load cells

L  Tank and slurry delivery system

Operatsrotation and pressure
application ofthecarrier head

Measures redime shear force

Operatsrotation and oscillation of
conditioner

Controk hardware operation
Turns on/off the APD800

Turns off APD-800 immediately in
case of emergency

Rurs polishing with automatic set u

Attachesfeleassthewafer and
raises/lowers thecarrier headsee
Figure 2.4)

Reses, amplifiesand calibrats the
force signal from load cells

More details in subsequent sectior

Measures redime down force. Twa
more load cells exist on the rear sit
(not shown)

Deliversslurry or water to the
system

2.1.1 Control Panels

The majority of the controls and switches for the are located on the front panel

of the polisher. Amongst these componasthe humanmachine interface (HMI) touch screen

control paneWhichallows for user input of varying input parameters such as tank selection, slurry

flow rate, polishing pressurearrier and platen rotation rate, and polishing time for up to 5
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polishing steps. Figure 2. 2 fuwtheodessriptiorhat thep ol i s h
respective components and their functionality listedTable 2.2 Additionally, an example

polishing recipe is shown in Figure 2.3.

=e Ow »

= Q=

Fig. 2.2: APD80C® front panel[43].
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Table 2.2: Components of APEDC® front panel with brief description of functionaliig3].

Part Component

Function

A Control Panel

B Secondary ON switch

C Secondary OFF switch

D Emergency stop switch

E Auto run STOP switch

F Auto run START switch

G Manual/auto run switch

H Shear force signal amplifier
I USB connector

J Down force signal amplifier

Hardware operation controller

Turns on APB8OC® after the
primary AON/ OFFCc
on

Turns off APD80C® before the
primary AON/ OFFc
off

Stops polisher operations
immediately in case @dgmergency

Stops polishing sequence for
automatic run setip; reset tool after
alarm deactivation

Starts polishing sequence for
automatic run sedp

Switch run mode betweenanual
and auto

Resets and amplifies shear force
signal load cell

Connection for APEBOC® to PC

Resets and amplifies down force
signal from load cell
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Fig. 2.3: An example polishing recipe defined by user if¥8}.

Furthermore, the APIBOC® also features a set of switches that allow for manual control
of the carrier head vertical position as well as the wafer template attach or falezismsin
between polishing processes. These switches operate independently of the touch screen control
panel and are locatezh the front side of the polishas previously depicted iRigure 2.1 An
image of this control panel as well as a list of the functionality of its switches are shown in Figure

2.4 and Table 2.3, respectively.

Fig. 2.4: Manual swithes on the front side of the polisfé8].
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Table 2.3: Brief description of functionality for the front side manual switch&} [

Part Name Function
Carrier UP Raises the wafer carrier head
Carrier DOWN Lowers the wafer carrier head

Allows for wafer template to be

Wafer VAC attached to carrier head

Releases wafer template from carr

Wafer BLOW head

2.1.2 Polishing Platen System and Downforce (F z) Load Cells

The platen is 800 mm in diameter ainsl surface is made out of a ceramic material
(alumina)as depicted in Figure 2.5. The reasoning for the ceramic platen is to minimize corrosion
or degradation from the slurries using during C\@R.top of the platen surface, various types of

polishing pad ca be installed through use of a thin adhesive layer on bottom side of the pad.

The platen motoallows for variable rotational rates (ranging from 20 to 180 RPM) of the
platen in the countezlockwise direction during the proce3se platen ands drive mechanism
sit ontop offour load cells that together measure the total normal downfoerér@iasmitted by
the wafer onto the padhese four load cells are located in the corners underneath the platen

assemblyFigure 2.5)
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Platen

Platen
Motor

Downforce Load Cell

Fig. 2.5: APD-800° polishing platen systefd3].

The load cells function by outputting a voltage signal that is linearly correlated with the
applied dowiorce from the carrier head as well as any flmgtrfacesthat develop within the
padwafer interfacaduring a polishing proces¥he signals are then transferred through the force
amplifiers and into a dedicated computer, via connection through thetigBvhichis installed

with Araca |Inc. 0®%programopr i etary LabView

The program visualizethe faur individual down force readings which are displayed as
such due to the asymmetric placement of the load @éléssummations of the respective readings
outputted from the load cells are trmmpiledand reported as the totalerallnormal downforce.

An example of the individual and overall downforce measurements is displayed in Figure 2.6.
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Fig. 2.6: Example of measurements from (a) the respective downforce load cells tnal @wnforce
during polishing[44].

2.1.3 Wafer Carrier System and Shear Force (Fy) Load Cell

The wafe carrier systenfshown in Figure 2.7¢onsists ovacuum pressure lines, carrier
headrotational and up/dowmotors, pressure chambesijding table equipped with the shear force
load cell,andthe carrier had itself. Like the platen motor, the carrier head motor allows for
varying rotational rates (ranging from 15 to 120 RPM). During processing, the rotation of the
carrier head is set to compliment that of the plahat the wafer has a relative lineading
velocity. The carrier heagvhich ispositionedabove the platen in its standby positistomposed
of a wafer attachment plate and an internal pressure chasdepicted in Figure 2.8he wafer
attachment plate is also composed oeeamic material to inhibit corrosion from slurrigsed in
CMP. Additionally, the entirety of the ceramic plate working face is covered with an array of small

holes that allows one of the vacuum 8rie hold thepolycarbonate watdilled wafer template
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(more details orthe templateshortly) securelyduring the polishing process. There is a second
pressure line which is used to manipulate the internal chamber pressure and apgay ithgutted

downforce during polishing.

Vacuum Pressure
Line

Carrier Rotation

Carrier
Motor

Up/Down
Motor

Carrier Head

Fig. 2.7: APD80C® wafer cariier systenj43].

Fig. 2.8: Wafer carrier head and ceramic pld43].
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Unlike the carrier heads us@dHVM, the carrier headn the APB80C® polishing system
does not use a contacting retaining riR@ather, anoncontactretaining ring andacking film
manufactured by PR Hoffm@&rs used to hold the wafer in place on thaterfilled template The
purpose of the watdilled internal chamber within the polycarbonate template is to uniformly
distribute the applied procesgipressure throughout the wafer surfadee backing filmis black
in color andcomposed of auffed porous material that, when wetted, can sectastgrnthe wafer
in place via capillary forcethat preventvafer slippage from occurring. Thggeennorncontact
retaining ring creates a small pocket in which the wafer sigmthacts a secondary method for
preventing wafer slippagét is important tonote that the depth of the retaining ring pocket is
thinnerthan the thickness of the wafer substrate thus ensuring that their no contact between the
retaining ring and pad during polishinignages of @800 mm wafer polycarbonate watditled
template assembly can be seen beloWwigure 2.9(note that the watesidyed red in the image

for visual purposes).

Fig. 29: Polycarbonate watefilled template for 300 mm wafer: (left) front side with backing film and
retaining ring, (right) back side with water filled internal chaenlvisible[43].
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Thewafer carrier system is mounted top ofa sliding table equipped with a load dell
measure the shear forcg)HBuring polishing processes as shown in Figut8.Zhesliding table
has a bottom plate and an upper plate. The bottom plate is hetshatatio the polisher frame
whereas the upper plate is allowed slide (in Haérgction) with respect to the bottom plate. During
polishing process, the movement of the upper plate relative to the fixed bottom plate provides a
force onto theshear forcéoad cell. In the same fashion as desvnforceload cells, theshear force
load celloutpus a signal that isinearly correlated to the applied force. The signareessdin
the same manner as the downforce measurements that have already been previously discussed. An

example of the shear force outpusi®own in Figure 21

Plate

Bottom Plate

Fy Load Cell

Fig. 210: APD-800° shear force measurement sys{&a].
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Fig. 2.11: Example of measurements from the shear force load cells during poljdHdihg

2.1.4Pad Conditioning System

As already mentioned in previous sections, the objective of pad conditioning in CMP is to
maintain a consistent pad surface mitawture and mmove processing bgroducts as well as pad
shavings andlebris.The conditioner system, similar to the carrier system, contains a rotational
motor and vacuum pressure lines. Additionathough, the conditioner system also features a

hydraulic piston as &l as a rail and stepper motor.

The rotationaklectranotor controls the conditioner hear rotation and the vacuum pressure
lines are used to apply the user inputted downforce on the pad surface. The hydraulic piston
controls the vertical position of tle®nditioner head whereas the rail and stepper motor allow the
conditioner to sweep radially across the pad surface. The sweep schedule of the conditioner system
can be divided into 10 distinct zones each with customizable lengths and dwell times téherisure
proper, user desired, pad conditioning is achieved. An image of the pad conditioningusedem

in our studiess shown in Figure 22
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s Conditioner
Motor

Vacuum Pressure Line

Conditioner Shaft

Hydraulic Piston

Conditioner Set —"%

Fig. 2.12: APD-800° pad conditioning systefd3].

2.2 Wafer Film Thickness Analytical Tools

Beyond theAPD-800%, ancillary equipment and tools were used doaly®s of polishing
performance and metrics. Subsequarapterf this dissertatioiChapter 50 7 and 9)deal with
measuring the removal rate of thin films of various materials that are deposited on silicon wafers
and subsequently (and partially) removed by CNIRe removal rate is found by acquiring film
thickness measurements on the wafer surface at ousieoints both before and after polishing
is performed An Advanced Instrument Technology (&)f CMT-SR5000 sheet resistance
measurement system is utilized to calculate the film thickness of metal filmsegisurement of

themat e releciritabresistace. A SENTECH Film Thickness Probe (FTP) reflectometer is
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used to calculate the film thickness of rmonductive fimsby measuri ng t he mat

properties.

2.2.1Sheet Resistance Measurement System

As previously mentioned, the CMIR5000 $ used to measure wafers with metallic films
before and after the CMP process to obtain the polishing removal rate. The wafers that are
measured using the CMIR5000 are blanket wafers meaning that the entirety of wafer surface is
covered with one type ofaterial film, such as tungsten. An image of the®ACMT-SR5000 can

be seen in Figure 231

Fig. 2.13: Advanced Instrument Technology (BITMT-SR5000 sheet
resistance measurement system
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The film thickness is determined by acquiring the material sheet resistance. The resistance for

a rectangular section of film is given by the following equation:

Y — Equation. 2.1

whereRs is the sheetesistancegq i s t he measured fil m rmasther i al 0 ¢
metal film thicknesd|, is the length of the measured rectangular sectionwasdhe width of the

measured rectangular section

TheAIT® CMT-SR5000 employs a foypoint probe to measure the resistance of thin film.
The schematic working principles of a fguwint probe is dpicted in Figure 24 The fourpoint
probe functions by inputting a known and constant curigrih{ough the two outer probes that
generates a voltage droy) (between the two inner probdkthe spacing between the four probe
points are equalandtiteonduct i ng fil m thickness is | ess th
field equations can be used to give an equation relating current and voltage to sheet resistance as

shown below5]:

Y — 1m®T1- Equation. 2.2
i
—i— 1 ]
e
N
{ v )
N measured film

/

v ' v L 4

Fig. 2.14: Working schematic of a foyooint probe[5, 45].
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2.22 Reflectometer Measurement System

The SENTECH FTPreflectometer is used to measure wafers withcammductive films
an example of such being SiBefore and after polishin attain the removal rate. The wafers
that are measured using the reflectometer, like the sheet resistance measurement system, are
blanket wafers. The system utilizes a lamp that is situated perpendicular to the wafer surface to
emit a light with a speadif wavelength. The emitted light shines on the wafer surface which
produces a characteristic reflectance spectrum. The produced spectrum is a function of the
refractive index, extinction coefficient of the film and substrate, and the film thicl#gls3I he
optical properties of commonly uses proonductive thin films are already known and inputted
into the FTP software system. With the optical properties already inputted into the system, the FTP
software is able to calculate the film thickness by usirasit fitting parameter to match the
measured and predicted spectrums. An image of the SENTECTH reflectometer is shown in

Figure 2.5.

Fig. 2.15: SENTECH Film Thickness Probe (FTP) reflectometer measuremsystem
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2.3 Fluid Film Thickness Analytical Tools

In Chapter 8, studies pertaining to fluid flow on the pad surface while simultaneously
emulating specific CMP processing conditions were done. An Araca, Inc.-aZsystem was
used for analysis of the fluid transport measurements which wer@exty utilizing a non

intrusive ultravioletenhancedluorescence (UVEF) technique

2.3.1Ultraviolet -Enhanced Fluorescence

An Aracg Inc. UVIZ-100° system (Figure 268) was used for measuring fluid film
thickness by employingrortintrusive method called ultravioleinhanced fluorescence (UVEF).
The UVIZ-100° system has two light emitting diodes (LEDSs) to pro{ento the pad surfaj&JV
light which wouldthen ecite a fluorescence dye that is mixedidethe fluid prior to useSince
this method is based on fluorescence, black polishinggrademployed to avoid light emissions
from the pad itselfAdditionally, the UVIZ system haahigh-resolution charged cpled device
(CCD) camera taecord the emission of the fluorescent light on the pad surface. Both the camera
and UV-LEDs are connected to adjustable magnetic arms that can be attached to tB6RPD
polisher system so that thwo devices can be focused desiredportions of the pad during the

experimental processes.

Once the processs completed, the camera recordings aralyzed using an ihouse
proprietary image analysis software written in LabVIEWhich quantifesthe image brightness
intensity The brightness is then correlated to the fluid film thickness using a predetermined

calibration curve, in which brighter images are correlatethickerfluid films [46, 47] Figure
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2.17 shows an example image of the LabVIEWnage analysis interface after a polishing process

is completed.

UV - LED

Prosilicacamera

Adjustable magneticarms

Fig. 2.16: UVIZ-100° fluid film thickness measurement system
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Fig. 2.17: LabVIEWP image analysis interface and example fluid film brightness data
measurements

2.4 Laser Scanning Confocal Microscopy

Rigorous analysis of the pad surface mitegture is doneén Chapter 4, 5, and &f this
dissertationiroughthe use of confocal microscopy for correlation to polishing performance. A
Zeiss LSM 880 laser scanning confocatroscopekigure 2.B) was used for all of the pad miero
textures studies assessethiase portions of thaissertationConfocal microscopy has become an
increasingly popular tool in biological and material sciences in thanks to its ability to daigture
quality images of small features in a Aorasive manner. Additionally, confocal microscopy has
numerous advantages over conventiomale field optical mcrosopy techniques such agpth
of field control, diminishment of background information adeésthe focal plane, and image

stacking[48].
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Fig. 2.18: Zeiss LSM 880 laser scanning confocal microscope system.

2.4.1Working Principle of Confocal Microscopy

Confoal microscopy works by directingnargon excitethserbeam (488 nm wavelength)
through an aperture and set of dichromatic mirrors which splits the beam. An objective lens is then
used to focus the split beams onto a focal plane of the sample piece (in our case the pad sample).
Light that is reflected off theampletravels back through the dichromatic mirrors and towards a
confocal pinhole aperture situated in front of a photomultiplier tube (PMT) detection system. It is

important to note that only ifocus light is allowed to pass through the pinhole apeffor the
63



detection system to reddi8]. A complete twedimensional image is formed by manipulating the
dichromatic mirrors to scan the desired focahpléin both the sdirection and ydirection)so that

the PMT detection system can compile the light sneaments at each individual point. In this
fashion, twedimensional optical slices are imaged one pixel at a tAdeéitionally, the focal
plane can be adjusted in thalizection (up/down) using the objective lens. Thus, by capturing
two-dimensional imags at differing focal planes and stacking them on top of each other, a three
dimensionatopographiamage of a sample can be mdd8-50]. Thebasic working principles of
confocal microscopy are shown in more detail in Figur®.2Hurthermore, in this dissertation
confocal microscopy is utilized beyond its topographacellysisnodeandcontact analysis mode

of pad samples are done as well.

A "1 Detector

Confocal
Pinhole

Laser r ;
source L = }

s % Main Dichroic

\y . Beamsplitter
Collimator | E 4
B 7 3 S(;aming
' 4 mirrors
& S Objective

Specimen

Focal Plane

Fig. 2.19: Working principles of confocal microscofiyl].
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2.4.2 Topograph ic Mode Analysis

In confocal microscopyopographic images are formed by scanning a pad sample from
top to bottom in 1.4um thick intervals. Each of the individual optical slices are stacked atop of
each other todrm the complete topographic imagiethe padsurface. An example offaad sample
topographic image collected via confocal microscopy is shown in Figfe Phe topographic
images are displayed oncalor contour hyperbolic arcsine scale for better visualizadioah
distinctionswithin the pad surfee height. In the topographic image, the blue color depicts the
lowest areas of the pad surface and are therefore representative of the pores. Red color refers to
the highest areas which correspond to pad asperities or sui@Bneie is the mean of the fage

topography and is therefore representative of interpore areas.

R

arcsinh{Surfoce Height (microns))

Fig. 220: Example of pad sample topographic image with surface height [&2]le
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For all the studies pertaining to pad surface miteaturedone in this dissertatiomjght
contingent and neoverlapping 425um x 425 pm? images of the pad sample were stitched
together to form a single 3,4Q0n x 425um? for further analysis of the pad surfaga example
(with the exception othosedone in association with Chaptérfor STI CMP)of a set ofeight

stitched images is shown in Figur@2.
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Fig. 221: Example of &,400um x 425 uny padsurface topographiamage

From the topographiynages, a surface height histogram or surface height probability density
function (PDF) can be creatfsB]. The confocal microscope measures surface heights relative to
an arbitrarily set reference plane to obtain surface height values. From heregttiadrage is
divided into equal bins so that a histogram can be made which displays the number of times that a
surface height falls into each bin. The histograrién normalized since the total count in each
of the bins depends on the size the regionswmeal. Due to this normalization, the result is no
longer dependent on the sampling area and the histogram becomes a PDF. The probability of
finding a point on the surface of the pad with a given height range is determined by the area under
the PDF withinthat chosen range. It is also common to shift the mean of the PDF to a value of
zero since the initial reference planged by the confocal microscope system is arbitrary. From
here, distinct pad surface parameters, such as summit height and summitreurvam be

calculated54, 55}
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Summit height is calculated using the surface mean plane as the baseline. Using this
baseline, summit heights are determined but only from peaks that lie in the top 25% of the pad
surface as this upper area is most relewra@MP. It is from these asperities, within this top 25%
regime, that the mean summit height is extracted from. The curvature of a summit is calculated
from the product of the principle curvatures to obtain the Gaussian curvature. These two principle
curvatures are values in which the curvature of a summit is at a maximum and minimum. It is
important to note that mean summit curvature is obtained from the same peaks used to calculate
the mean summit height (i.e. those that lie withatthp 25% of the whsurface)The significance
of obtaining the summit curvature from our pad sample is that it is inversely proportional to the
radius of curvature of a pad asperity. This indicates that a large observed summit curvature defines
a pad summit, or asperitydt is narrow and sharp whereas a small summit curvature characterizes

an asperity that is rounded and dull.

2.4.3Contact Mode Analysis

In confocal microscopyof contact mode analysis, a custamade pad sample holder
with a sapphire window in its center is used for measurement of the contact characteristics
between the padiafer interface. A sapphire window is used to simulatevpaiér contact
because it is bbttransparent and has a refractive index similar to that of the polyurethane pad
material[56, 57] For contact mode analysis, the pad sample is placed face down onto the
sapphire window with a known pressure applied to the backside of the sample piece. This
pressure is set to simulate the pressure on the polishing pad, applied by the wafer, dialing act

CMP processing. In this mode of confocal microscopy analysis, the argon laser beam first travels
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through the sapphire window to illuminate the pad sample sutfface. accor dance wi tt
Law, light will not be reflected back at points of contactmtn sapphire window and
polyurethangpad due to their similar refractive indidés8, 59] Figure 222illustrates the

reflection and refractionof light at the interface of the sapphwendow and pad surface.

Reflected Image

Sapphire window

// romiad &

Pad \'

No reflected image

Fig. 222: lllustration of light reflection and refraction at the interface of the sapphire window and pad
sampleg[57, 60].

An example of a contact mode pad sample imaggiired from confocal microscopy
shown in Figure 22 Within the image, three distinct regions cannmted: black, greyand
repeating bl ack asdr whede) palhAs ealnrdddeybmant i ol
is in contact with the sapphire window do not reflect light and therefore appear as black. Areas
that are an even gray color correspond to portionsegbald far below the interface of the sapphire
window and pad surface. In these grey areas, light is reflected back due to discrepancies coming

from the sapphir@ir and paehir interfaces.The zebrastripe pattern is produced when the
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sapphire window and pad surface are in near contact with each other (i.e. within the order of the
wavelength of the light source, 488 nm). Here, light reflections from thaipahd sapphirair
interfaces interact with each in both a constructive amstrative manner producing the black

and white zebratriped patternfs7, 61}

A

Far from contact

Near contact »

' <« Contact point

Fig. 2.23: Example of pad sample contact mode image with areas of contact, near, @mdat from
contact defined.

Contact mode images diee exact same size (4@ x 425um?) and are takeim the
exact same pad areas as the topographic mode images so that comparison between contact points
and topographic features can be made image resolution of the contact mode images are
1024x 1024pixels or 0.42 m per pixel.Based on the already discussed contact criteria, distinct
pad surface contact parameters such as contact area percentage and contacting summit density
can be acquired. The contact area percentage is calculated by dividing the contact area by the

total areaContact density is calculated by counting the total number of contact points within a
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given areaAn example of an entire set of contact mode images (400 425um?) is shown

in Figure 2.24.

Fig. 2.24: Example of 8,400um x 425un¥ pad surface contact mode image.

2.5 Telecentric Multi -Triangulation Macroscopy

In Chapter 9, topographic analyses of the pad surface 4t@xtaore was done via
telecentric multitriangulation (TMT) macroscopy using a Keyence -860F Oneshot 3D
Measurirg Macroscope (Figure 2.25). This instrument incorporates three, eeldtentric
lenses for accuratienagingwith reduced distortions and aberrations in comparison to standard
lenses (exemplified in Figure 2.2&], 63. Additionally, this telecentric macroscope incorporates
a multitriangulation system for the accurate measurement of configuration heights which allows

it to have many of the same features found in confocal microscopy.

Fig. 2.25: The Keyend¢R-3000° Oneshot 3D Measuring Macroscope systé8].
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Fig. 2.26: (Left) standard camera lens image with distortion at the periphery and (right) telecentric lens
image with minimal distortion in the fielof-view [62, 63].

2.5.1Working Principles of Mu Iti -Triangulation Macroscopy

TMT macroscopy works by first emitting patterned light from a source through a
transmitter lens and onto the sample surface. The receiver lens, which is placed atnaheoff
from the transmitter light source, is then utilized to collect the light thiaflected off the sample
piece. Lastly, the image produced by the receiver lens is captured using a complementary metal
oxide semiconductor (CMOS) camera. However, since the reflected light is being viewed at an
off-angle through the receiver lens, chasgn height on the sample surface will cause the
patterned light to appear banded and bent at each lekighge. Using triangulation techniques,
the extent of light bending can be used to calculate feature heights as well as positions. This allows
for accurate 3D measurements of the sample object to be acquired [63]. The basic working

principles of TMT macroscopy are shown in more detail in Figure 2.27.

71



CMOS Light source

| W
N
| / Y\
o 1 ~
o |
[
p | \
Receiver lens | ‘ 4 Transmitter lens

Object being
measured

Calculating height

Changes in height will cause the
patterned light to appear bent at each
height change. The amount of the
bend, or 'd' in the image to the left, is
used to calculate the height.

Fig. 2.27: Working principles of multriangulation macroscopy [63].

In association with the @k reported in Chapter 9 that employed a-3B0C¢, a total of
six land areas on the pad surface, that were sufficiently far from the grooves, were measured. For
each land area, a 3D image of the surface was produced at 160X giving an image size of 1.93
mm x 1.4 mm.Within these respective images, f@ub mm x 0.5 mm regions were scanned
(giving a total of 24 individual 3D images) for key surface roughness parameters such as mean
surface roughness and surface root mean square roughness. Finally, usious miedady
explained in Section 2.4, surface height PDF plots were created for acquisition of the pad surface

mean summit height and mean summit curvature.
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Chapter 3: General Theory
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3.1 Silicon Dioxide (SiO2) Removal Mechanism

Both ILD and STI CMP deal with the removal of Si&s part otheprocess and, although
somewhat relatable, the mechamssshremoval for the two processes differ substanti&ty.ILD
CMP, the mechanism of Si®@emoval is more dependean the hydrolysis of the film surface.
For STI CMP, the mechanisim more related to thpresence of theeriabasedslurry abrasive
particles that are used as higislglective removal between Si@nd silicon nitride $isNa4) is

necessary.

3.1.1 SiO; Removal Mechanisms for ILD CMP

In the past, a majority of proposed mechanisms for silicon dioxide)(8i€ebased on
studies of glass polishingrom these initial studies it was found, that for CMP, that the hydrolysis
of SiOz is an essential facton ithe removal mechanism. It was first indicated by Silvetaall.
that the presence of wateras necessary as he observed nearlySi©, removalwithout the
presence of hydroxyOH) groups[64]. Additionally, it was found by Cornisét al.that polishing
rates increaskdirectly with hydroxyl reactivity with wateyieldingthe highestemovalrates[65].

At a later time, lleproposedareversible polymerization and depolymerizatreaction beween
water(H20) andthe Si-O-Si surface structusof the SiQ film to form orthosilicic acid (Si(OH)

[66].
The proposed reaction is described in below in Equation 3.1.

YR ¢Ou £ Y "Y' O Equation. 31
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lzumitani et al.identified that theSiOz surfacewas softer when hydrated and the utilization of a
slurry containing both water and abrasive particles could much more easily remove titaderial
Further studies on the formation of the hydra®e@:. layer were done by Tomozawea al. who

found that the hydited layer could range between 10 to 200 A tf6ek.

Based on these previously mentioned works, Qmaokeeded to develophat has now
become the most widely accept®D, removal mechanism ikD CMP [69]. A summation of

the SiQ CMP removal mechanism postulated by Cook is as follows

First, SIQ is hydrolyzedresulting in the formation os$ilanol groups (SOH) on the
surface Next, the dissolution of silica causes themation of silicon hydroxide (Si(OH)) which
is weaker tharBiOz2 and thus can be more easfgnd mechanically removed by the abrasive
particles(commonlyfumed or colloidakilicain ILD CMP) within slurry thatare present at the
padwafer interface Additionally, Cook indicated that the extent of thgdrolysis processs
fundamental to SIOCMP and itcan be manipulated by the pH vakfethe slurry At pH values
above 7, the Si®surface becomes completed hydratetiereas, at pH 11 or higher, complete
disassociation of the surface hydroxybups ocurs. Removal rates are found to be highest at
higher pH \alues relating to the increased disassociatitowever,the need to strike balance
between removal rate and wafer surface planarity has ldgetoptimization of thegH values

(typically within the range of 13 to 113).

3.1.2 SiO; Removal Mechanisms for STI CMP

It is alsoknown owing to previous studies having to do witptical lens polishig, that

SiO2 can also be removed through use of slurries tentain metal oxidébased abrasive
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nanoparticlesDepending on the pH value of tBkurry, oxide based slurrigsan possess a high
attraction tcsilicondioxideaidingin thebreakingof its bonds with thebulk film [69]. An example

of some of these abrasives are certioxide, zirconiumdioxide, ttaniumdioxide and thorium
dioxide. Slurries that utilize ceriundioxide (ceria) abrasive nanoparticles are gaining more
widespread acceptance in the CM&mmunity particularly in STI CMP,as theycan yield
exceptional oxidgo-nitride removal rate selectivés [70-79]. High oxideto-nitride selectivity
meansthat there is a much higher removal rate)0, as compared to silicon nitride §S8is).
There ae several popular proposed mechanisms which state howregrraact with SiQfor the

removal of material.

According to Cook, the mechanism for Sif@moval by use of ceribased slurriess as

follows:

As previously notedthe SiQ film surface can become mostly terminated withO&l
groupsvia reaction with water. Tre® endgroups can be further manipuldtgnto negatively
charged SO groups when slurries with high pH values are u€eak further proposed that ceria,
when dispesed in water, develops @H endgroupswhich containpositively charges Cé
species thatan react with the SD™ active sites to form GO-Si bonds and subsequently release
single molecules dbi(OH). into the slurry solutiofi69]. Additionally, Cook noted that the €&

Si structure is stronger than the@iSi structure indicating that Si@ removed by means bbth

chemical and mechanical actions. Cookds propo
0® 0O YO £ YO 'Q 0O Equation. 3.2

Hoshinoet al postulatedhat SiOz is removed in lumps rather than single molecules of
Si(OH).. Hoshino supported his proposal by supplemental analysis of the spent slurry, which
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contained the removed material, using Fourier transform infrared spectroscopy and inductively
coupled plasma atomic emission spectrosd80}. In another studySrinivasa et al stated that

Ce** is the reactive species (rather thart'Tpresent on the ceria particle surface that causes the
removal of SiQ and supported this hypothesis with Wisible spectroscopy as well as
thermogravimetric analysi86]. lllustrations of the three proposed removal mechanisms using

ceriabased slurries are shown in Figure 3.1.

(a) Model proposed by Cook

................................ (c) Model proposed by Srinivasan et al.

O O Oxygen
Q Si0, Vacancy

(b) Model proposed by Hoshino et al. O O
() so
" Si0, lump
% into the
‘ I dispersion

Fig. 3.1:lllustrations of proposethteractions between ceria and silicon dioxide during CMP processing
by (a) Cook[69], (b) Hoshind 80], and (c) SrinivasafB6].
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3.2 Tungsten Removal Mechanism

The general mechanism of metallic material removal in CMP has been reported as a two
step process. In the first step, a chemical reaction between the slurry and metal film takes place
which forms a thin passivation layer on the metal film surface. Thisred passivated layer is
then removed from the metal wafer bulk material by means of mechadiimals from thredody
contact between pad @evities, slurry nanoparticleand the passivated film layg81-83]. The
continuous repetition of the passiwatilayer formation andubsequent removate what creates

the dynamic balance between the chemical and mechanical aspects of this CMP process.

For tungsten CMP, oxidizing agents within the slurry are used to create the passivation
layer on the wafer filnsurface.The many different types of oxidizesach as hydrogen peroxide
and potassium iodathat are used follow different reaction mechanism with the tungsten surface
and can form a wide range admplex tungsten oxide species. However, a general and simplistic

kinetic mechanism has been proposed by Paul and is described in the following react{@d]steps
w 0w ol Equation.3.3
w0 0° wiw Equation. 3.4

This general form of the reaction states that the tungsten film first undergoes a reversible
reaction with the oxidizing agent within the slurry (@x¢atinga tungsten oxide film (WOx)rhe
WOx film can then undergo an irreversible reaction forming aensomplex final tungsten film
species (WO». For theinitial reversible reactiarthere is goossibility for decomposition of the
WOx whereas the final WQxs subject to both dissolution and mechanical abrasion. For tungsten
CMP, the mechanism of mecheal removal is preferential and control of it is done through

manipulation of the slurry pH value.
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3.3 Silicon Nitride (Si 3N4) Removal Mechanism

In STI CMP, silicon nitridgSisN4) is a material thaheeds to beontinuously dealt with
in STI processeas previously noted in Section 1.2 of this dissertasaN4 has a higher hardness
than both silica and ceria abrasive nanoparticles. As such, direct removalobysmechanical
actionswhile utilizing these tpes of slurry abrasives is extremely difficult. Rather,order for

material removal to occuthe surface of SIN4 must first be oxidized to form a softer Si§pecies.

This can easily belone by exposing the #8l4 film to either water or aifi.e. &) as shown

below in the two general reactiof85):
Y o0 © oY) O Equation. 3.5
Q) @00 © oY 100 Equation. 3.6

Hu et al. added onto to thismodelby proposing a sequence lofdrolysis reactions that
convers SisN4 specifically to SIO-Si strudures as well as ammonia (MH[86]. Hu et al.
continued on by stating that the convertegtNgsurface layer can be further hydrated into Si(OH)

which can then be removed by mechanical actions as noted in the reaction below.
YRYQO0 © Y@ O Equation. 3.7

Typically though, during STI CMRigh oxideto-nitride removal rates are desired (i.e.
minimum SgN4 removal).The addition ofmhibiting agentso the slurrysuch as proline and other
types ofamino acidsare preferential as they can adsorb directly onto #i» Surface and prevent

the oxidatiorreactions from occurrinf87].
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3.4 Material Removal Models in CMP
3410 OAOOI 160 wNOAOET I
Prestondbs equation was first published 1in

applied pressure and sliding velocftyr glass polishingprocesse$88]. The equation has since

then been wdely adopted ito CMP processing and is shown below:

Ca
c

Y'Y O Equation 3.8

In the equatiorRRis representative of removal ratjs the polishing pressure is the sliding
velocity, andKpi s a proportionality constant commonl
However, since Prestonds equation was origina

in glass polishing, it does not directly account fogroical aspects of CMP processes.

3.4.2Modified 0 OAOOT 1 6 0 %wNOAOET 1

As the chemic#y-activated removal mechanisms become more significant, CMP
processes have resulted in more -Roastonian like behaviors. Ndfrestonian behavior is the
generalterm used to describe the deviation of removal rate from linear deper(dedcene that
it zero when bdt pressure and sliding velocity values are also zerdhie product of the polishing

pressure and velocity as well as describe the presence ofzermpassive etch rate when there

is no applied pressure or velocity.

Mul ti pl e modi f iequation, alofsvhidh are Based an texpearidental data,
have been proposed to accountgossiblenonlinear deviations of removal rate as a function of

the pressure and velocity. A material removal rate model that accounts for plastic deformation and
80



eledrostatic adhesion of particles during CMP was proposed by Zéiaab [89]. The model,

noted inEquation3.9, states that the externally applied frictional forces as well as the van der
Waals interaction forces between the wafer surface and particles wlie slurry are most
responsible for material removélowever, this model was only experimentally verified for copper
CMP in conjunction with alumindased slurry. Another model, postulated byedfal. and shown

in Equation 3.10, presumtsatthere is a pressure dependence on the number of particles in contact
with the wafer surface during polishif§0]. This model was based on published experimental
datawhen polishing silicon dioxide wafers basedtetmaethyl orthosilicatéTEOS and fluoie-

doped SiQdepositionprocesseandwasonly applicableo soft polishing pads.

YY 0O nu-° Equation 3.9

YY O Qv Equation 3.10

Equation 3.9 and 3.10 are modifications to
mechanical aspects of the process (i.e. interaction betweensudfmsre and particles or the type
of pad used during processing). For these reasonstlalgproposed the following modification

to Prestonbés equation t o withiotheopwoesfOlf. or strong c
YY 0O Qv 6L Y Equation 311

Inthisver si on of Pr e SBtawdR@re fittengcorstantsoTihe secbnal tetm in the

equationB x V, is utilized to account for a stronger process dependence on sliding velocity rather

than pressure. The fitting const&ats used to consider the cheal dissolution during CMP and

is dependent on the slurry composition.
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The above models are exampiéa few of the proposed mechanisms responsible for oxide
and metal polishing. There are many other mechanisms that have been proposed that include
particle indentation into the wafesurface plasticity and dislocatiothe formation of a surface

film, and thepassivation bthe surface during metal CMB1, 92-96].

3.4.3 Modified Langmuir -Hinshelwood Model

It has been found within our research group that a modifiedstem subset of the
LangmuirHinshelwood Model can be used to describe CMP removal mechanisms at a much more
fundamental level. This model considers both the chemical and mecleffec#s ofa polishing
process and also accounts for flash heating that occurs within thvegpadinterfacd45, 97]. In
this simplified model, it is assumed timanoles of slurry reactaiinteract with the wafer surface

Sat a reaction rate &, defined in uits of mol/(n? s), forminga softened surface layer

Y o£'Yuu O Equation 3.12

The softened layer is then removed via mechanical abrasion at a fatevbich is also
defined in units of mol/(fs). The abraded materilis assumed to be transported away by the

slurry without redepositing onto the wafer surface.

0 up O Equation 3.13

If it is also assumed that the rate of formation of the softened surface layer is equal to that
of the rate of depletion, the removal r&Rin this sequential mechanism is a function of both its

chemcal and mechanical effects as shown below in Equation 3.14.

82



YY —— Equation 3.14

Here,Cris representative of the molar concentration of slurry reaBanhile Mw and}
are representative of the molecular weight and density of the film being polished, respectively. To
simplify the reaction rate equation, another assumption is made staintpere is no depletion
of the slurry reactarR and thus its molecular concentratiGr will remain constant. With this
assumption in plac&r can be set to unity and adsorbed into the chemical reactiocorsgeant

k1 without loss of generality as alwn below.

YY —— Equation 3.14

In Equation 3.14, the chemical reaction rate congtantdefine by the Arrhenius equation

as:

N 6AOD — Equation 3.15

whereA is a preexponential factor expressed in units of moft/@))Ea is the clemical activation

energy of the slurry inunitsof e¥i s Bol t zmannoés °eVWhK)sanddunisthe( 8. 6 1
reaction temperaturat the wafer surfagen units of °K The reaction temperatuoannot be
measuredlirectly, butrathercan be calculatewith certain assumptions as shown in Equation
3.17).The activation energ\Ea, can be found by plotting the natural log of the experimentally

found removal rate against the inverse absolute mean pad temperature and extracting the slope.

The mechanical rate constdatin Equation 3.14 can be modeled in several ways. For
simplicity though, we take it to be proportional to the frictional power density (as suggested by

Prestonds equation) and experimental observa
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removal rate and coefficient of frictioor(COF) during mechanicallyimited removal[88]. The

eqguation is expressed as follows:

Q w' nou Equation 3.16

wherecp is a poportionality constant (units of mol/J) is COF, pis the polishing pressure (units

of Pa), and/is the sliding velocityunits of m/s).

The chemical reaction step in thas,any other model that includelsemistry, is dependent
on reaction temperaite Tw, Which occurs, in our case, at the ypaafer interface A manipulated
version of the compact temperature formula (Equation 3wl&9 found to be part of the
explanatioras to whyvarying removalates are observed at fixpdwer densitie$P x v) but for
differing combinations oP andv. In this manipulated formula, it is noted thaaterial removal
on a fixed point of the wafer surface occurs during a series of brief interactions (on the order of
microseconds) with pad asperitighich are randomly separated in tirf#8]. On a given point of
the wafer surface and during these bridkiactions with partickkaden asperitiesthe wafer
surface temperatureilvmomentarily rise, or flashf the rise in flash temperature is sufficient, it
can cause a surface reaction to octtizan be seen in Equation 3.17 that the second term, which
accounts for flash heating, has an additional dependencdamty in the denominator that helps
explain varying observed removal rates at fixed power densities nTanipulated versioof the

compact temperature formulalistter known as the flash higsy model.

YooY “ No Equation 3.17

In the flash heating modethe parametel is the mean pad surface temperaturke

parameteb is a constant that accounts for a grouping of-teldted parameters such as wafer
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size, pad surface properties, as well as other bulk pad propemtiess represented in units of
°K/[Pa(m/s$>€. Theparameteeis an exponentidhctor for the sliding velocity which accounts

for the pad heat partitig®7].

As already noted, the units of bdéhandk: are the same as both reactions are assumed to
be pseuddirst order. The dimensionless ratio of the mechanical reaction rate cdansthatnical
reaction rate constankuy(k2) is, at times, more important than the respective valu&saridk,
separately as the ratio can indicaterdte limiting removal mechanism. For example, if the value
of ki/kz was found to be less than 1 than the reaction would be cherlioatlyd. Conversely, if

the ratio was found to be greater than 1 the reaction would be mechalniciéyl.

3.5 Tribolo gy in CMP

In general,ribology refers tathe study of contacting surfaces that are in relative motion to
one another and is more particularly concerned with friction, wear, and lubrication of said surfaces
[99]. Specific to CMP, a tribological system tined between the polishing pad, wafer surface,
and slury abrasive particles. Within this tribological system, two or more moving bodies are in
contact with each other and induce wear. For these reasons, detailed tribological studies are
essential to bett understand CMP processing fundamentally as well agfelifd estimates for

consumables such as the pads and conditioner discs.
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3.5.1 Frictional Force and COF

The threebody interaction within the paslurry-wafer interface during CMP polishing
produces two frictional forceknown as shear forcd=¢ea) and downforce Kdaown). The down
pressure applied to the wafer is what causes the downforce (i.e. traditional nocejallibe shear
force is caused by the tangential forces frompitueess which apply shear stresses on the wafer
surface. With these two frictional forces known, the ratio of them can be used to acquire the

instantaneousoefficient of friction(COF) asdescribed in Equation 3.1800.

0 00 —— Equation 3.18

It is known in the CMP community tha€OF can significantly impact pressing
performance and removal raf®2, 60, 65, 100104. Additionally, the COF can provide
information pertaining to both heat generation and the lubrication mechanism of the process as
will be discussed in later sectiof! 101, 105107]. Assuch, acurate measurement of frictional
force is a prerequisite to calcula@OF and thereforegain understanding of the tribological
phenomena during a CMP proce#ishas already been noted how both the shear force and
downforce (described in Chaptea&Fy andF, respectively) can bacquired at high frequencies
through use of our APIBOC® system. In all works within this dissertation, frictional force data is
collected at a frequency of 1,000 Hz even though our polishing system can take force

measurenents at frequencies up to 2,300. Hz

The reason for this is that the higher frequency acquisition would necessitate much higher
amounts of computational power for data anedys'The sample rate of 1,000 Hz was chosen
because, as the Nyquist limit speafisampling rates must be at least twice that of the highest

observed frequency. Based on previous works by our research group over the past two decades,
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the highest observed frequency has never surpassed 500 Hz thus concluding that a sampling rate

of 1,0 Hz is sufficien{35]. As such, thenean value of alhstantaneous measurementCaiF

can also be used to acquire the ave@@& ( COF ).

60 Og B% , 8 0 Equation 3.19

3.5.2 Directivity

In the APD80C° samplingrate acquisition system, raw frictional force data as a function
of time is separated into two compon€if38]. One component is the mean of the frictional force
(i.e. shear or normal forces) and the other is the fluctuating component of the mearaffictn
(i.e. from which thevariance of shear or normal foecean be calculat¢dThe fluctuatng
components correspond to the intrinsic vibration of the polisher as well aslgligghenomena

between the wafer and pfD8-117.

A recent study by Rlipossianetal. has reported on the utility of a new parameter, called
directivity, g to better understand certain process fundamentals and to rapidly assess polishing
performance in various CMprocessefl1]]. Directivity is a parameter borrowed frahe art of
making and science of testing violins afar CMP applications, has bedgfined as the ratio of
the variance of shear forc@snea; to that of downforce(Paown[111-114. Giventhe fact that our
polisher is capable @uccessfully measuring force in both directions at high frequencies, we can
thus calculate the instantanealir®ctivity, g, and mean directivityd as shown in Equations 3.20

and 3.21, respectively.
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w — Equation 3.20

o g B% , 0 Equation 3.21

3.5.3 Sommerfld and PsuedeSommerfeld Numbers

Early studies in tribology were focused on lubricated journal beatmgsudy 2body
contact system@mostly for heavy machinery and the transportation indusknyjhese studies,
shear force between the shaft and the wall of the journal bearing was recorded. The shear force
was then divided by the applied downforce from a suspended load to obt&@i®f&he COF
wasthen plotted against what is called the Hersey number (reported in units of length) which is a
value composed from the product of the shaft linear velocity and lubricant viscosity divided by the
applied pressurg 15, 116. The plot of COF versus the Hersey number would be then be used to
determine distinct lubrication mechanisms. Lateramgxtension of the Hersey number, which
was more relevant for CMP applications, was introduetheSommerfeld numberSg [117].

The Sommerfeld numbés defined in EquatioB.22as:

YE — Equation X2
wherevis the relative pagvafer sliding velocityp is the slurry viscosityR is the applied polishing

pressure, andis theslurry film thickness within the padafer interface

For each given polishing process, the respective parameters used to dSomtherfeld
number must be known so that it can be determined. The relative sliding velocity at-thafgad

interface can be calculated from use of geometric relations, and the polishing pressure is a process
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inputted parameter so, thus, already knownwelger, there is no adequate way to determine the
viscosity of the slurry or padurface roughness during the polishing process. Slurries are typically
non-Newtonian fluids and, during processing, temperature can significantly rise pending the
inputted mechnical power (i.eprocessing pressure and velocity). Moreover, use of any standard
rheological equipmenguch as a viscometer would not accurately represent the fluid viscosity
during polishing. The reason for this is because the channel distance btevgad and wafer

can be up to 4 orders of magnitude smaller than the distemadganced viscometer equipment.
The film thickness between the wafer and pad m@plicated function of pad porosity, pad
compressibility, velocity, pressure, slurry visitpsand wafer curvaturf93, 118-120. However,

Lu et al.showed that slurry film thickness within the padfer interface ranged between 20 to 80

pum [122]. Such a range of fluid thickness is very similar to determined values of pad roughness
(Ra) which can be measured via profilometry or confocal micros¢bpyl122. However,the
detailed data analysis involved withcquiring the surface roughness renders the method
unidealistic leaving the determination of the Sommerfeld number complicatetheBerreasons,

it is therefore desirable to assume that both the surface roughness (or film thicknessjrand
viscosity remain constant during polishing so that Sommerfeld number can be simplified to the
grouping of parameters that are more easily detexd (i.e. pressure and sliding velocity). This
simplified version of the Sommerfeld number is call the Ps&alomerfeld number as shown in

Equation3.23

"¢ — Equation 23
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3.5.3 Lubrication Mechanisms in CMP

Stribeck curves has long been used to describe tribological systems such as CMP processes.
A popular formof the Stribeck curve relevant to CMP is the-log scale plot of thaverageCOF
as a function of thé®seudeSommerfeld numbeiThe Stribeck curve ds proven to be highly
beneficial in CMP because it yields direct evidence as to the exterttady3contact within the
padslurry-wafer interface. Additionally, the Stribeck curve can be used to determine three distinct
lubrication mechanisms defined a@soundary lubrication, partial (or mixed) lubrication, and
hydrodynamic lubricatiorf117]. A diagramdepicting a generic Stribeck curvéth the three

lubrication regimess shown in Figur&.2.
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Fig. 3.2: Generic Stribeck curve
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In the boundaryubrication regimethere isintimate contact between the wafer surface,
pad asperities, and abrasive particles from the sluhigh causes the Stribeck curve to flatten
This intimate contact results in relatively higalues of COF and typically ocursat low values
Sommerfeld numbers (i.e. low velocities and high pressures). Within the partial lubrication regime,
the wafer and pad are not in intimate contact with each other as the slurry film thickness is on the
same order as the mean pad asperity heRgrtial lubrication occurs at intermediate values of
Sommerfeld number and, within this regin@)F rapidly decreases as the Saerfeld number
increases. In the hydrodynamic regime, which occurs at high Sommerfeld numbers (i.e. high
velocities and low mssures), the wafer can be described as hydroplaning on the pad surface as
thicker slurry films develop causing further separation between the wafer and the pad. This results
in low values ofCOF and a possible inflection in the Stribeck curve that coeddlt in either a

positive or negative slope based on slurry characteristics and chemistry.

Using the Pseud8ommerfeld number to generate the Stribeck curve will not change its
general shape. This is because, as previously noted, the Femdoerfeld omber is directly
proportional to the Sommerfeld number. As such, th&ig values of the Stribeck curve will only

change in range, thus compressing or stretching the curve but not change the overall shape.
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Chapter 4: Insights into Tungsten Chemical Mechanical Planarization:

Part I. Surface Micro-Texture Evolution during Pad Break-In

92



ECS Journal of Solid State Science and Technology, 8 (5) P3091-P3097 (2019) P3091

JSS Focus Issue on CMP ror Sub-10 nm TEcHNOLOGIES

Insights into Tungsten Chemical Mechanical Planarization: Part 1.
Surface Micro-Texture Evolution during Pad Break-In

Juan Cristobal Mariscal, L2 Jeffrey McAllister, 1 Yasa Sampurno, 2 Jon Sierra Suarez,?
Leonard Borucki, and Ara Philipossian’-2

1p, of Chemical and Envi | Engineering, Uni

2Araca Inc., Tucson, Arizona 85718, USA
3Sandia National Lab Alb

ity of Arizona, Tucson, Arizona 85721, USA

New Mexico 87116, USA

The effect of conditioner types and downforces dunng pad break-in on pad surface micro-texture evolution is investigated. Two
substantially different discs are employed (i.e. vs CVD-coated), each at two different downforces. Pad samples are
extracted thronghout the break-in process and their surface micro-topography and pad-wafer contact characteristics are analyzed
using confocal microscopy. The two conditioning discs result in different evolution paths during break-in. In general, the conventional
disc produces more pad “fragments” that get counted as taller “artificial” asperities as compared to the CVD-coated disc. In contrast,
the gentle shaving action of the CVD-coated disc promotes eventual flattening of the asperity tips. Regardless of the disc type, the
mean summit heights decrease and reach stable values as break-in progresses. Compared to the CVD-coated disc, the conventional
disc results in higher mean summit curvature indicating sharper asperities. This work underscores the need for optimum conditioner
design for attaining a steady pad surface micro-texture at a given d and within a ble break-in time.

© The Author(s) 2019. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution Non-Commercial No Derivatives 4.0 License (CC BY NC ND, http://creativecommons.org/licenses/by-nc-nd/4.0/),

which permits non-commercial reuse, distribution, and reprod any medium, provided the original work is not changed in any
way and is properly cited. For permission for commercial reuse, please email: ca@electrochem.org, [DOI: 10.1149/2. 0141905]55]
[®) sv-nc-wo |

Manuscript submitted January 16, 2019; revised manuscript received February 25, 2019. Published April 2, 2019. This paper is part

of the JSS Focus Issue on CMP for Sub-10 nm Technologies.

Chemical mechanical planarization (CMP) has been successfully
implemented in integrated circuit (IC) manufacturing for the past
several decades as it continues to be the only means of achieving
economically-viable global and local planarization across the entire
wafer surface. This study focuses on tungsten CMP as it is a critical
component in modern IC manufacturing due to the industry’s reliance
on tungsten contacts to properly connect transistors to interconnecting
layers. During CMP, a rotating wafer is pressed onto a rotating pad
(the latter typically made of porous polyurethane). A slurry, contain-
ing chemicals and abrasive nanoparticles, is then injected on top of the
pad and transported to the pad-wafer interface through a combination
of polisher kinematics and centrifugal forces aided by the pores and
grooves on the pad surface. Three-body contact caused by the pad
surface asperities, slurry abrasives nanoparticles and the wafer sur-
face lead to the uniform removal of material from the wafer surface.!
As polishing proceeds, the pad surface undergoes plastic deformation
which causes changes in the height, radius of curvature and density
of its asperities. Such a degradation in surface micro-texture, cou-
pled with the build-up of pad fragments and polishing by-products
on the surface, lead to inconsistent within-wafer and wafer-to-wafer
polishing outcomes thus precipitating the need for conditioning.! Dur-
ing conditioning, a rotating disc having synthetic diamonds (or other
types of protruding sharp features) on its surface is pressed on, and
brought into contact with, the pad in a similar manner as the wafer
during polishing. When conditioning is performed in unison with pol-
ishing, the process is referred to as in-situ conditioning. In addition to
the conditioning disc being used in-situ to maintain a steady polishing
process, it is also used to break-in a brand-new pad. After the pad is
first installed, its micro-texture is not adequate to support the stringent
demands of modern CMP processes. Conditioning is therefore imple-
mented to break-in or properly “season” the pad for 15 to 30 mins prior
to polishing.? Previous work has demonstrated the importance of pad
surface micro-texture in CMP*'* Once a pad has been selected, the
only other variables that can affect pad micro-texture during break-in
are conditioner type, conditioning downforce, pad break-in time, the

*E-mail: marisca2 @email arizona.edu

conditioning kinematics (i.e. sweep schedule and rotation rate) and
the type of chemical used during the break-in process (i.e. UPW or
slurry).5%-15 In CMP, for economic reasons, the break-in process typ-
ically relies on the use of ultra-pure water (UPW). Additionally, there
are many “knobs” that can be used to adjust the kinematics of the disc
itself.

This study is the first in a series of three works where we have
proceeded to keep the conditioner kinematics constant while inves-
tigating the impact of conditioner type, conditioning downforce and
pad break-in time on the evolution of pad micro-texture. The time it
takes for a pad to break-in (i.e. for it to reach steady-state in terms
of certain well-known micro-texture metrics) affects polisher avail-
ability and wafer throughput. As such, it is important to understand
how certain factors and process settings affect break-in. In “Part I”
of our study (to be submitted soon to this journal), once the pads have
been broken-in with the two different types of discs used in “Part I”,
we focus our attention on the tribological, thermal and kinetic aspects
of tungsten CMP. By processing blanket wafers at multiple pressures
and sliding velocities, we gain further fundamental understanding of
the process from both experimental and theoretical points-of-view.
Finally, in “Part III”, we undertake several mini-marathon tests and
explain the trends in removal rate, coefficient of friction, pad surface
temperature and pad-micro-texture in terms of the theories developed
and validated in “Part IT”.

Back to the subject of our present study, laser scanning confo-
cal microscopy has been successfully used in analyzing pad surface
micro-texture. This has led to a better understanding of how micro-
texture affects CMP outcomes.>'5 Jeong et al. studied the effect of
break-in time on oxide removal rate.* However, this study did not an-
alyze the micro-texture of the pad surface. Park et al. used a stylus
type surface profiler to analyze the pad surface for surface roughness
throughout break-in.® Conditioner downforce was varied to determine
the effect it had on the surface roughness, which was then success-
fully correlated to blanket oxide polishing performance. Metrics such
as surface roughness are not that useful in CMP simply because surface
roughness represents the peaks as well as the valleys on the surface of
the pad.” However, CMP is a process that involves contacting sum-
mits (the peaks). As such, it is important to provide insight as to how
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different aspects of the pad micro-texture are individually effected. In
addition, a stylus type surface profiler was used to analyze the surface
of the pad instead of confocal microscopy. Sun et al. studied the effect
of conditioner type and downforce on pad topography using white
light interferometry. The results determined that increasing condition-
ing downforce caused the pad surface to become more abrupt and cop-
per removal rates to decrease.'® Confocal microscopy was not used to
analyze the pad surface in this case either. It should be noted that using
a stylus type surface profiler or a white light interferometer to analyze
the surface of the pad are considered to be less accurate methods as op-
posed to using confocal microscopy. Elmufdi et al. used the preferred
method of confocal microscopy to observe the effect of conditioner
type and downforce on pad-wafer contact area and found that increas-
ing conditioner downforce lead to an increase in pad-wafer contact
area.!’ This was performed with an ex-situ conditioning process in
which confocal microscopy was performed in-between intermittent
polishing and conditioning and not during a conditioning only break-
in process. It is also important to note that contact area was the only
analyzed surface parameter and no topographic methods were used. In
another study involving confocal microscopy Vasilev et al. found that
steady-state pad conditions were reached within different time frames
of pad break-in, depending on the disc being used.'? Vasilev et al. also
found a relationship between pad break-in time, surface roughness,
pad surface height distribution and oxide polishing results.!? How-
ever, conditioner downforce was kept constant and their work did not
report any relationship between pad break-in time and mean asperity
(or summit) height, mean summit curvature, contact density, or per-
cent pad-wafer contact area. In recent studies by McAllister ef al, the
effect of conditioner type and downforce on the evolution of pad sur-
face micro-texture during pad break-in was investigated.!*'* Confocal
microscopy was performed on pad samples throughout the break-in
process to determine their micro-texture. Results showed that for 2
of the 3 conditioners, changing the conditioner downforce resulted in
very different pad micro-textures, and evolution pathways, throughout
the 60-min break-in. However, for one of the discs, a change in the con-
ditioning downforce did not result in a change in the evolution of the
micro-texture during break-in.!>!4 Three combinations of conditioner
discs and downforces were then selected to perform mini-marathon
polishing tests using dozens of 200-mm blanket SiO, wafers and the
pad micro-texture results were correlated to the polishing results.'s
Additionally, it was determined that the polishing process was highly
dependent on fractured, poorly supported pad asperity summits, which
caused the coefficient of friction (COF) and removal rate (RR) to be
uncorrelated.'s

The works of the above-mentioned researches present a clear need
to further develop a complete understanding of the pad-micro texture
evolution throughout break-in due to different conditioner-downforce
combinations. As a result, this study involves the break-in of 4 brand
new pads with different conditioning discs at different downforces,
giving a total of four different experimental conditions. Pad samples
were extracted at different times throughout the break-in process and
analyzed using confocal microscopy in both topographic and contact
modes. Resultant images were then analyzed to gain insight into sum-
mit height distribution, mean summit height, mean summit curvature,
percentage contact area and contact density.

Experimental Apparati and Procedure

An Araca APD-800 polisher and tribometer was used to perform
all break-in experiments. Detailed description of the 300-mm wafer
polishing system can be found elsewhere.'® Four brand new IC1000
K-grooved pads with Suba IV sub-pad (all from the same batch manu-
factured by DowDupont) having a diameter of 775 mm were broken-in
with two different diamond conditioning discs. All pads and condi-
tioning discs used were common in high-volume IC manufacturing
environments. This gave more relevance to obtained results. The first
two pads were broken-in using the same conventional 3M A165 CIP
(Fig. 1) diamond disc at downforces of 6 and 10 lb. Of the approx-
imately 29,500 “Type 4” diamonds on the 3M disc, in this work, we
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Figure 1. The 3M disc design (left) and the associated SEM image (right)
with a 2.4 x 3.4 mm field of view.

experimentally determined there to be only 77 active diamonds (i.e.
only 0.25 percent of all diamonds) having an average size of 251 +
17 pm (1-sigma). A “Type 4” classification meant that the diamonds
were much sharper (with Type 5 being the sharpest) than they were
blocky (with Type 1 being the blockiest). We also determined the
average depth of the furrows to be around 151 wm. The active dia-
monds appeared random in their location within the entire surface of
the full-face disc. The methodologies for assessing the above metrics
are explained in detail elsewhere.!”

The remaining two pads were broken-in using the same CVD-
coated Morgan Advanced Materials (MGAM) 4S845P4F5 disc
(Fig. 2) also at downforces of 6 and 10 Ib¢. Although it was not con-
firmed by us, we were told that the 3M disc has 3X higher pad cut
rate than the MGAM disc at 6 and 10 1bs. The MGAM disc had eight
spiral vanes each having a width of 0.045 inches. The front face of the
vanes, protruding 840 pm above the plane of the substrate, acted as
the working surface of the disc by employing a hybrid surface texture
with most features protruding no more than 5 um above the surface
(although a few protruded as high as 30 um). In all cases, the protrud-
ing features were randomly distributed throughout. The manufacturer
claimed that the maximum depth of the furrows that could be cut into
the pad was around 20 pm with most centered around only about
S wm (this also was not experimentally confirmed by us). In compar-
ison, the EHWA disc studied by McAllister et al. had larger diamond
tips, higher diamond heights, and it did not have protruding vanes.

During all break-in experiments, the disc and the platen rotated
counter-clockwise at 95 and 45 RPM, respectively. The disc followed
a sinusoidal sweep schedule in which the disc swept across the pad 10
times per min. UPW was injected near the pad center at a flowrate of
250 mL/min. Pad samples were extracted from the center of the wafer
track prior to pad break-in as well as after S, 15, 30 and 60 mins. The
dimension of each extracted sample was approximately 2 x 2 cm?.

Topographic images of the pad surface land areas between two
grooves were acquired using a Zeiss 880 LSM laser scanning confocal
microscope. Eight contiguous and non-overlapping images, with a
field of view of 425 x 425 wm?, were taken from each extracted
pad sample and stitched together to form one image covering a total
land area of 3,400 x 425 pm?. These stitched images were then used
to analyze the topography of the pad surface micro-texture through

Figure 2. The MGAM disc design (left) and the associated SEM image (right)
with a 130 x 180 wm field of view.
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Figure 3. Surface topographic images of an IC1000 pad after 0 (top), 5, 15,
30 and 60 (bottom) minutes of break-in with a 3M disc operating at 6 Ibs.

pad surface height probability density functions (PDFs), mean summit
height and mean Gaussian curvature of the summits.

In addition to topographic images, confocal microscopy was also
used to acquire pad surface contact area images. To do so, pad samples
were placed with the polished side facing down against a sapphire
window in a customized (for CMP applications) sample stage. This
was done in order to apply a known downforce to the back of the
pad sample, therefore creating a CMP-relevant applied pressure of
4 PSI on the sample. Eight contiguous and non-overlapping images,
with a field of view of 425 x 425 wm?, were taken in approximately
the same location as the topographic images. Again, the images were
stitched together to form one 3,400 x 425 wm* image. Contact area
percentage and contact density were then acquired from these stitched
images. A more detailed description of the experimental apparatus and
the myriad procedures used in our tests can be found in our previous
work.*'5 Further details about the methods used by our group for both
topography and contact area analysis can also be found elsewhere.®®

Results and Discussion

Figs. 3 through 6 show pad surface topography images obtained
from confocal microscopy for all 4 cases tested. The top image in each
figure is the same as it corresponds to an as-received pad that did not

Figure 5. Surface topographic images of an IC1000 pad after 0 (top), 5, 15,
30 and 60 (bottom) minutes of break-in withan MGAM disc operating at 6 1by.
For the 5-min case, the 8% image (on the right) was discarded due to myriad
measurement issues.

undergo any sort of a break-in. For better visualization, high and low
areas of all images have been accentuated through a transformation
that involves taking the inverse hyperbolic sine of the height data.®6
The scale bar is also kept the same for all images to allow for visual
comparisons. Red indicates the highest parts of the pad surface and
is therefore representative of asperities.® Color changes from red to
yellow, and then to green, indicate decreasing heights, with a certain
shade of green representing the mean surface height, indicative of
interpore land areas.'> Color shifts to light blue, and then to dark blue,
represent Fadually decreasing heights all the way to the bottom of
the pores.® The images are next quantified by constructing summit
height probability density function (PDF) plots as shown in Figs. 7
to 10."35 Bach PDF plot is normalized such that the area under the
curve is equal to one. Therefore, the area under the surface height
PDF in a chosen height range gives the probability of finding a point
on the surface within that range. Since the reference plane used by the
confocal microscope is arbitrary, it is common to shift the mean of
the PDF to zero which represents the average height of the interpore
land areas. Regarding summit heights, the calculation is based on the
maximum points on the right-hand tail of the surface height PDF.

Figure 4. Surface topographic images of an IC1000 pad after O (top), 5, 15,
30 and 60 (bottom) minutes of break-in with a 3M disc operating at 10 Ibs.

Figure 6. Surface topographic images of an IC1000 pad after 0 (top), 5,
15, 30 and 60 (bottom) minutes of break-in with an MGAM disc operating
at 10 Iby.
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Figure 7. Surface height PDFs corresponding to Figure 3.

Summits are isolated by contouring the surface as in the presence of
measurement noise, contouring is a good way to identify high areas
for further analysis. Based on our previous experience, we chose to
contour all of the samples at 25% of the maximum surface height to
calculate the mean summitheight for each break-in condition (Fig. 11).
The mean summit height is then calculated based on the summit height
which is concentrated on the right-hand-tail of the surface height PDF.

Regarding summit curvature, larger values indicate sharper sum-
mits. Conventional surface roughness is basically calculated across
the left-hand and right-hand tails of the surface height distribution.
The left-hand tail includes the “valleys” (i.e. deep features) in the pad
surface that are not mechanically involved in polishing. Contrary to
the conventional surface roughness metrics such a R, or R,, mean
summit curvature measures only the sharpness of the tall asperities on
the right-hand tail that might actually come into contact with the wafer
surface. As such, mean summit curvature is a more relevant parame-
ter in CMP. Detailed description of the methodologies for extracting
mean summit height and curvature can be found elsewhere as it is
beyond the scope of this study.3®

In Figs. 7 to 10, the right-hand tail of the curve represents the
highest parts of the surface (e.g. the asperities) while the left-hand
tail represents the pores.® In these plots, of great importance are the
shapes and slopes of the left-hand tails of each curve (typically between
—10 to —80 wm). A steep slope having a more or less straight shape
(which results in a narrower PDF curve) means that the pores have
become somewhat obscured as pad fragments, and partially collapsed
asperities and plastic deformation from conditioning have covered, or
filled, some of the features of the pores. In the case of the 3M disc
(Figs. 7 and 8), regardless of downforce, pore obscuration seems to
start after only 5 mins of pad break-in. Thereafter, it becomes a major
contributor to micro-texture. As we have no way of distinguishing
between pad fragments and partially collapsed asperities which tend to

1E+00

1E01 ——5min

Surface Helght Probabllity Density
{1fum)
&

0 © -40 20 0 b P P
Surface Helght {(um)

Figure 8. Surface height PDFs corresponding to Figure 4.
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Figure 9. Surface height PDFs corresponding to Figure 5.

obscure pores that are adjacent to them, hereafter, we will refer to them
simply as pad “fragments.” In Figs. 9 and 10, we see that, for MGAM,
there is hardly any pore obscuration (even for long break-in times)
as we can see inside the pores that are in some cases deeper than 80
wm. The reason for the rapid onset of pore obscuration is due to gross
levels of fragment generation with the 3M disc which can be explained
based on the fact that the applied downforce (regardless of whether it
is 6 or 10 Iby) is supported by less than 80 individual active diamonds
all having sharp geometries that penetrate the pad by as much as 151
wm. These diamonds cut and plow the polyurethane material from
deep inside the bulk region and transport them to the surface. In our
current study, and in our two recent-most publications,'*# it appears
as though the fragments are not loose enough to be swept away by the
traversing and rotating actions of the disc, nor by the drag forces caused
by the flowing water. Fragments are not generated by the MGAM disc
simply because of the relatively large area that the eight veins occupy
on the disc, as well as the shallow penetration depth (in the order of
5 wm) of the hybrid features of the chemically vapor deposited film.
Instead, the MGAM disc, which has an IC1000 pad cut rate that is
appx. 3 times smaller than that of the 3M disc, seems to cut the pad by
gently shaving the uppermost features of the asperities. This generates
small pad debris that most likely get swept away from the pad-wafer-
interface by the flowing water and the kinematics of the disc itself.
Focusing now on the right-hand tail of the PDF curves, we can see
significant peak broadening in the case of the 3M disc operating at 6
1b¢ for all break-in times. This peak broadening is due to a shift of the
right hand tail to the right and is consistent with pad fragment gener-
ation noted above as large fragments get counted as taller “artificial”
asperities in our analyses. This trend is also evident at 10 Ibs however,
for the 60-min break-in case, the curve shifts back to the left indicating
that the pad surface has been mutilated bad enough for the fragments
to become loose and leave the pad-wafer interface. This reduction in
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Figure 10. Surface height PDFs corresponding to Figure 6.
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