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Chapter 1: Introduction

1.1: Need for Chemical Mechanical Planarization

In an integrated circuit, there are millions of microides such as transistors, capacitors, diodes,
and resistors on a single chip [1]. Each of the micro-deviderised by semiconductor, metal, and
dielectric layers arranged in a particular pattern. Furthese micro-devices are interconnected through
metal interconnects which are isolated using a dielentdterial. Multiple layers of such patterns are
repeatedly stacked over each other to accommodate millionsaf-devices in order to have high speed
and high performance of the IC chip. Such an arrangement is calladltievel metallization [2]. This
scheme created enormous challenges for fabrication at the lesaderThe major source of challenge is
the uneven topography buildup as the number of interconnect levelasae@s shown in Fig. 1-1a. This
surface unevenness has negative impact on pattern transférwaiidd subsequently lead to failure of
multilevel interconnect network. Thus, the levels are requio be planarized to a very high degree of
planarization enabling very even interconnect levels oaeh ether as shown in Fig. 1-1b. The method
most commonly used in the semiconductor industry for plananzais Chemical Mechanical

Planarization (CMP) process.

In CMP, extremely small abrasive particles on the order fefiv nanometers are used compared
to micrometer sized abrasive particles in conventional polighiingpping processes. Also, in CMP, the
chemistry of the slurry plays an important role in softening assbdiing a thin layer of material on the

surface which is further polished due to abrasive action. In @bntoathis, in the conventional polishing



(a) (b)

Fig. 1-1: Schematic of (a) non-planarized and (b) planarized multilevel metallization structure [ 2]

the material is removed only by abrasion from abrasive pssti@ecause of selective dissolution of
material, MRR tends to be lower in CMP. This facilitatesgiving precise removal, uniformity in
polishing and fewer scratches and defects. The CMP processé$otie, preferred for planarization in

ICs [3]. The advantages of CMP over other planarization methods argéddboldable 1-1.

Table 1-1: Advantages of CMP over other polishing methods [3]

Benefits Remarks

Planarization Achieves global planarization

Planarize different materials A wide range of wafer surfaaede planarized

Reduce severe topography Reduces severe topography to allow ii@abbrigtt tighter
design rules and additional interconnection levels




Alternative method of metal patterningProvides an alternate means of patterning metal, eliminatinp the

need to plasma etch, difficult to etch metals and alloys

Improved metal step coverage Improves metal step coverage due tredgtutopography

Increased IC reliability Contributes to increasing IC reliability, speed, yield (lower

defect density) of sub 0.5 mm and circuits

Reduce defects CMP is a subtractive process and can remove si¢fiects

1.2: Chemical mechanical polishing process

Chemical mechanical planarization is a polishing processruothening the topography of
surfaces. It is used in devices to reduce their verticghteihence shrinking the size of the devices and
maintaining the flatness of the devices to ensure pattarsférawith maximum precision. Depending on
whether CMP is used to planarize metal or dielectric, thN# @rocess can be classified as metal or

dielectric CMP.

A typical setup of CMP is shown in Fig. 1-2. A wafer cahadds the wafer which is pressed
and rotated against a polishing pad made up of a polymeric ahafidré direction of rotation of the pad
can be in the same direction or opposite that of the wafdshi®g process utilizes rotary motion and
orbital or translational-type between the pad and the waferyS$ucirculated on the pad which acts as a
coolant and also provides abrasive action. The slurry alsist®o$ various other chemicals which react
with the layer being polished and makes the layer softgudoiral dissolution. The surface layer gets
modified to more fragile state making material removal égsgbrasive action. Since the pad gets worn,
eventually with the polishing process depleting its sharp d@gsethe pad tends to remove material with

non-uniform material removal rate. For this reason, the padimultaneously conditioned by a



conditioner which is a diamond grit disc pressed against the poliphthghaintaining the pad roughness
as the polishing progresses. The relative motion between tlee avaf the pad and the down force makes
the abrasives in the slurry to get embedded in the pad which plougtiee material from the wafer layer

being polished [4].

Copper has replaced aluminum for metal interconnect in I€sulke of its various advantages
over aluminum such as lower resistivity, lower RC delay, higmeat dissipation, better thermo-
mechanical properties and better stress migration resist@omper CMP is the process applied to
remove and planarize copper layers on the substrates. CoppeirsGibhe to some problems such as
dishing and erosion. Dishing is the recessed height of coppetdmpared to the neighboring oxide line

whereas erosion is the difference between the original oxidathaid the height of oxide after polishing

[5].

Conditioner

Table (Platen)

Wafer

—

Fig. 1-2: Chemical Mechanical Planarization setup [3]
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1.3: Parameters governing CMP

The parameters and variables that govern CMP have been illustratgd 1r3Fi

Influence of machine parameters: The machine parameters in CMP mainly include the down force,
sliding velocity, and the slurry flow. Higher down force andlislj velocity increases the MRR. It is
discussed in detail in Section 2.5. With lower down force, the patian improves but uniformity
decreases. Slurry flow pattern is an important parametihvdifects both material removal rate and
within-wafer-non-uniformity (WIWNU). Because of the rotatiof the platen the flow pattern would be
different as the slurry is fed at different positions anphad. Fig. 1-4a shows different positions of slurry
feeding on the platen. The material removal would not be uniform ifuhg sannot reach the pad-wafer
contact points. Fig. 1-4b shows the material removal ragersat at various points on the pad. It can be

observed that position around the center is a better locationdtslteey to attain high MRR [7].

Pad

Slider
(Sample holder)

Slurry feeding
positions

(@)
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Fig. 1-4: (a) Surry feeding positions in the experiment (b) Average MRR obtained corresponding to
these positions [ 7]

1.4: CMP consumables

CMP Pads: Pad is an important consumable in CMP. Pad transports andrdediurry on the wafer
surface. Pad also transmits normal and shear forces gadisher to wafer. The polishing pad has
significant influence on the removal rate, WIWNU, waf@mtafer-non-uniformity (WTWNU) and
defects. CMP process is a combination of chemical and meahgmacesses. The polishing pad is
exposed to repeated mechanical stress and chemical attackensstent down force, shear force, and
frictional force applied on the pad makes it prone to sex@mgression and abrasion. Various chemicals
like oxidizers and acids present in the slurry tend to coramdeweaken the pad. Thus the pad should
have sufficient mechanical strength and chemical resistioncope up with these conditions. Also pad
has an important function of transporting slurry efficientlpd Bhould be sufficiently hydrophilic in

nature and should have either pores or grooves to enhance thertodnsli@ry. Polishing pads are



usually made of polymeric materials, such as polycarbonates, nylogsulpbbnes and polyurethane

[8]. The main types of pads used in CMP are:

Type [: Felts and polymer impregnated felts

Type II: Porometrics (microporous synthetic leathers)

Type llII: Filled polymer sheets (films)

Type IV: Unfilled textured polymer sheets (films)

Pads can have a wide range of microstructures, texturdsfill@ns and are fabricated using
various manufacturing processes, such as casting, molding, extrwsibrcoating, and sintering. Not
only the mechanical and chemical properties of the pad are enpolout also the microstructure of the
pad plays major role in the polishing process. Whether the padeusfdlat or has pores or grooves,
their properties have significant influence on the polishingopmdnce. The polishing performance at a
wafer level mainly includes MRR, polishing non uniformity, edgedat, micro scratches, and pad life.
At a die level, it includes planarization and defectividt the feature level, it includes dishing, erosion,
defects, and surface roughness [9]. How pad properties affegoliseing performance is discussed

further.

Pad roughness:Pad roughness is the presence of pores and asperities whidhérabrasive particles

and contribute to the material removal. As the polishing prquegsesses, the asperities wear-off and
the surfaces gets flattened. If the pad is not conditioned: tioag& sharp asperities, the material removal
rate decreases. But a rougher pad causes more defect@sssctatches and residual particles on the
wafer surfaces. This is because, for the same load, ropgletends to indent the abrasives deeper into

the wafer. In the case of patterned wafer polish, the rougher pad giveslisting problem [10].



Pad porosity/density: Pad having more pores has lesser density and stiffnesspdPasl help in

transporting the slurry over pad surface and thereby remevengnaterial. Pads having lesser porosity
have lower removal rates because of this reason. Since nonporolmpadsgher stiffness and strength,
they have lesser variations in their physical propertiegtaumglgive more consistent and uniform polish.
Also, because of being harder and stronger, the nonporous pads dteeedhirasion resistance or lower
pad wear rate than porous pads for the same polishing conditionsisR@ads can trap polishing debris

and residual particles and thus tend to give more scratches and defects [11].

Pad Young's modulus/flexibility: Pads having higher Young's modulus give good overall planarization
because they do not bend and thereby planarize the high pointstficst tones down the topography
differences on the surface. But as the pads with higher modulust @@mmply with the wafer surface,
they do not give a uniform polishing. In contrast to this, thedlfle pads comply with the surface profile
variations and remove material equally from all the regiohs.flexible pads maintain the surface profile
being polished and give a uniform polish but the overall plaat#iz is poor. Dishing and erosion
problems increase with more bending ability of the pad [12], [I&hle 1-2 summarizes various pad

properties and their effects on polishing at wafer, die, and featuee scal

Table 1-2: Relation between pad properties and polishing performance [8]

Polishing scale
Pad Property
Wafer Die Feature
Density (porosity) Removal rate, non uniformity  Defectivity isliing, erosion
Hardness Macroscratches Defectivity Defectivity, roughnésshing,
erosion
Tensile strength Pad life




Abrasion resistance| Pad life
Modulus Non uniformity Planarization
Thickness Pad life
Pad texture Pad life, removal rate, non
uniformity
Pad roughness Removal rate, non uniformity  Planarizatidishing, erosion
Hydrophilicity Removal rate

CMP Slurry: Slurry is the carrier of abrasive particles and vaiohemicals which cause mechanical
and chemical removal of material respectively. Thus slisgrthe basic component of the CMP process.
There can be numerous parameters in CMP slurry such as pHomsotiiemistry, charge type,
complexing agent, oxidizers, buffering agents, corrosion inhibitors, surfacédeihants, chelating agents,
abrasive related properties, such as size, shape, hardnesspraedtration of the abrasives. These
parameters are selected according to the polishing reagnterfil4]. Ideal CMP slurry should achieve
high MRR, excellent global planarization, good surface finish, low defggthigh selectivity and should
prevent corrosion. There should be a synergy between the chetuloing and mechanical material
removal. Mechanical material removal produces higher fridiowoes, thus can produce scratches and
adversely affect surface topography. Also, the pressure variatidmsal points vary the removal rate and
thus effect global planarization. In contrast to this, excesmiché etching adversely effects surface
planarity and induce defects associated with corrosion. Thus thdcethe@nd mechanical parameters of

the slurry have to be optimized [3]. The prime design concerns for CM¥ atershown in Fig. 1-5.
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lohal Planarization
Formation of a thin passivated surface layer
Mlinimization of chemical etching

Mlinimization of mechanical polishing

Removal (Polishing) Rate
Eapid formation of a thin surface layer
Control of the mechanical/interfacial properties of the
surface layer
Indentation-based wear

Fracture/delamination-based removal

surface Defectivity
Eapid formation of a thin surface layer
Mlinimization of mechanical polishing

Control of particle size distribution

Selectivity
Top-layer chemomechanical polishing
Bottom-layer mechanical polishing

Eeduction of mechanical component in slurry

Slarry Handling
Formation of stable slurries
Control of interparticle and particle-surface interactions

steric-force-baszed repulsion in 1onic systemns

Fig. 1-5: Main concerns during selection of a CMP slurry [6]
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As shown in Fig. 1-6, a passivation layer is formed at thefauebetween the wafer and the pad
which is softer than the substrate material and thus canradeabwith more ease. The passivation layer
has to be thinner than the difference in the height of the higlhoantegions in wafer and pad to avoid
within-wafer-non-uniformity (WIWNU) [6]. The formation of pasation layer is accelerated by
oxidizers, such as hydrogen peroxide and corrosion damage to theessrfprevented by corrosion
inhibitors, such as Benzotriazole (BTA) [15]. Maintaining a paldic pH, which depends on the
substrate, is important for the formation of passivationrlajke time required for the formation of a

passivation layer should be minimized to avoid surface defects [16].

Pressure

v

Wafer

[e] Wafer

~] nm

Chemically passivating
surface layer

Abrasive particle

Fig. 1-6: Schematic diagram of passivation layer at (a) microscale and (b) nanoscale level [18]

Selectivity is an important feature of the slurry. Ittie difference in the removal rates of

different materials by the same slurry. Higher the seigctof the slurry, the more effective is the end
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point detection for polishing of a particular step. For exantplegyolish copper the slurry should act

separately on copper and should spare the barrier layer of Ta and undeastigimoflsilica [17].

In addition to the chemical components, abrasives are presentsiutiyeto remove material by
cutting action. The abrasive particles enhance the mechastresigth of the pad and transmit the
downforce and shear force to the wafer thereby removing miabgriwear. Also the abrasives serve as
adsorption sites to the reaction by-products and polishing debrissarst @ their transportation and
removal from the wafer surface. A wide variety of materfeve been used as abrasive particles in the
CMP process. They include alumina, silica, ceria, zirconianititand diamond. The selection of the
abrasives are done on the basis of their properties, sutdwrdsess, particle size, bulk particle density,
particle crystallinity and shape as suitable to the polishégmirements. Nano particle size silica and
alumina are the most commonly used abrasives in CMP. Thecphggipearance of these abrasives is
white powder. These materials should be ultrapure and have nediidym size and shape to ensure

consistent polishing [9].
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Chapter 2: Literature Review

2.1: Friction and heat generation ir CMP

In the CMP process heat is generated during palishiThe reason for this heat is the frict
between the pad, wafer arabrasivi particles in the slurryThe abrasives which are present in
polishing slurry are responsible for causing aleaon thecopper wafer. There can be two kinds
abrasion, namely twbedy and thre-body abrasion, in which the materiakr&@noved by the abrasives

shown in Fig. 2-1:

Two-Body abrasive wear: In this the abrasives get eadedh the pad and are rigidough to act as a

cutting tool to remove the material from the wa

ThreeBody abrasive wear: In this the abrasive partielesfree to move and thus roll and slide betw

the wafer and the pad. The material removabout ten times slower in thisrid of abrasion [9].

.{.—.

work-piece

a

abrasive of 2-hody mode abrasive of 3-body mode

Fig. 2-1: Two types of mode of abrasionin CMP [19]
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The abrasives not only remove the material from the wafiealba from the pad. However, the
material removal from the pad is relatively less becauseipaofter than the wafer. The asperities
present in the pad are responsible for trapping the abragitielggaand to enhance two-body abrasion
which is the main contributor to the material removal andhtted generation process. The asperities of
the pad and the abrasive particles embedded in the pad arby detaded to the overall friction between
the wafer and the pad during polishing. The work done to geretateve motion between the wafer and
the pad in the presence of this friction is the frictional worlsufvang that frictional force is proportional
to the normal load but independent of the contact area, the mechamikalould be:

W = R.V, where Fis the frictional force exerted by the contact area ansltWia relative velocity
between the wafer and the pad. This can also be written as:

W = uFV, where [ is the coefficient of friction and FhHe hormal force applied on the pad by
the wafer.

This work is converted into heat completely which is conduftedvected into the wafer, pad
and slurry. Thus, the factors which mainly contribute to the anafumtat generated are load or pressure
(P), relative velocity between the wafer and the pad (V), pragerties and the abrasive properties.
Increase in P or V increase the product of P and V, i.e. PV valigh vglthe mechanical power input and
thus the heat generated increases. Pad properties, such asp@aty aensity, pad asperity hardness,
ability of the pad to hold the abrasive particles in the paldidntes the heat generated. Abrasive

properties, such as hardness, shape, size, and concentration inryhiefilkence the heat generated [19].
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2.2: Heat flow in the CMP proces

heat transfer friction

to wafer
A ——— ..

i | wafer
VAL Ty TW“’ AW AR
57 \ pore
.

heat transfer

heat transfer o Slury pad ———
to pad

Fig. 2-2: Heat flowinthe CMP process[20]

As shown in Fig. 2, the heat generated between the wafer and thes peathsferred tthe pad,
wafer andslurry. The heat is primarily partitioned divided between pad and wafer ]. Slurry acts as a
medium which takes away part of heat frthe wafer as well as from thgad. Some heat convected
away from the pad and theafer by the surrounding aRestof the heat goes inside the wafer or pad
increase their temperaturdis heat is then transferred to the wafer caimiease of wafer ai platen in

case of pad.

The heat partitioimg depends upon various things, suc pad and wafer material properti
slurry progerties and sliding velocity. Regard the pad and wafer material properties, the r
conducting material takes away more heat whichagaysthe wafer. Heat partitioning also depends uj
the size of the wafer. The smaller the wafer, ntazat is partitioned in it. Heat partitioning alsepends
on the slurry properties, such slsrry flow rate ad slurry heat capacity. Moitle slurry flow rate an
heat capacity more heat would be taken off fromvilager as well as pad fthe slurry. Given below i
the heat partitioning factor betwethe wafer and the pad representing the imacdf heat going intthe

wafer [21].
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Vry,
Ky + 0.627k —

D

wherey, is the heat partitioning fractioik,, is the thermal conductivity of the copper wafgrjs the
thermal conductivity of the pad, V is the relative sliding velocitys the radius of the wafer and D is the

thermal diffusivity of the pad.

It can be observed that the heat partitioning fraction is tiiresfated to the conductivity of the
wafer material, inversely related to the radius of waded the sliding velocity. Fig. 2-3 shows the heat
partitioning between wafer and pad. The equations in the figuthatref heat partitioning fraction and

the heat conducted in the wafer and pad.

Frictional energvgenerated due to abrasion

platen

(r) =1, 2k, ¥)

-
[owiomno | [ dury

Fig. 2-3: Heat partitioning between pad and wafer [21]
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2.3: Factors affecting the temperature rise in wafer

Sliding velocity: Temperature rise increase with velocity because an seiea/ would increase the PV
value and thus the amount of total heat generated. Fig. 2-4 shewesnperature increase from 24°C to
28°C with increase in the relative velocity from 10 m/min tan8Bin at a constant pressure of 13.6 KPa.
At higher pressure values of 30.9 KPa and 40.4 KPa the tempetigagdo higher values at the same
relative velocities. If the product of pressure and velowstyconstant or the power input is fixed,
temperature rise in the wafer is inversely related ta¢ladive sliding velocity between the pad and the
wafer. The reason is more convective cooling of the wafkigaer sliding velocities and comparatively
more heat is dissipated away to give a lower temperaiseeirr the wafer than expected. The heat
partition fraction is inversely proportional to the sliding vetypcirhus the fraction of heat going to the
wafer decreases with increase in relative slidingargloAlso, the heat transfer coefficient between the
slurry and the wafer which represents the heat taken awallvy is directly proportional to the square

root of the velocity [20], which means at higher velocity more heasspdited from the wafer [21]
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Fig. 2-4: Effect of increase in velocity on temperature rise [ 20]
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Load: In general, increase of load or pressure increasesrtipetature because of increase in PV or
power input. Fig. 2-5 shows that temperature increase from 24°C @w7€n pressure increases from
12 to 42 KPa at a constant relative velocity of 9.4 m/min. The textype rise values are higher at higher
velocities for the same values of pressure. Also, fothal relative velocities the temperature values are
higher than expected for higher load of 42 KPa compared to 12 and 31 KPa. Higherrieasksthe pad
contact area with the wafer by pressing the pad asperitiesya@ds to come in contact with the wafer
which would have been otherwise not in contact at lesser Tdegl sliding contact of more asperities
would generate more heat [19]. The difference between lower ghdriHbad condition can be explained
from Fig. 2-10. For lesser load, only the abrasive pagiakre in contact with the wafer, the pad contact
with wafer is negligible and thus the heat generated is onlyodaierasion or material removal. At higher
load, the pad contact area with the wafer increases and sheesiderably larger area of pad which is in
contact with the wafer without the abrasive particles betwleem. The heat generated from this area is
due to rubbing action and not due to abrasion from abrasives. fidhbedt generated in this case is more

than expected to give higher temperature rise value in the wafer [23].
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Fig. 2-5: Effect of pressure on temperaturerise [19]
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PV: The temperature rise in the wafer is directly proporticgoathe product of pressure or load and
relative velocity. The reason being the input mechanical powePV is converted into heat. Thus
increase in PV would imply increase in the heat generated anththtemperature rise. Fig. 2-6 shows a
linear relation between temperature and PV. Fig. 2-7 showsea txis plot between temperature,
pressure, and platen speed. The figure suggests that botlhur@ressl velocity contribute to the
temperature rise. Higher temperature values are observadbutie pressure and speed values are high
and the least temperature is observed for least values suipFreand speed. Also, more temperature rise

is observed when the slurry is used for polishing compared to wai@ma PV values.

Coefficient of friction: The friction conditions between the pad and wafer change witphrdggess of
polishing. It can be attributed to various factors such as rouglamesfardness of the pad, abrasive
particles, and wafer surface conditions. The extent dfidncdetermines the total heat generated, heat

partitioned to the wafer, and thus the temperature rise in it [20].

B Experimental
45 - Linaar fit of data

Temperature(°C, average)

0 1x10°  2x10*  3x10°  4x10'  sx10°
P*V(g/cm®*m/min)

Fig. 2-6: Temperature variation with PV showing a linear variation [ 20]
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Temperature (°C)

(@) (b)

Fig. 2-7: Three axis plot of Pressure, Soeed and Temperature for (a) Surry (b) Water [22]

Slurry Properties: Slurry heat capacity is the tendency of the slurry to phgésiheat away. More heat
capacity of the slurry implies more heat taken away frioenwafer per unit mass of the slurry and thus
lesser temperature rise in the wafer. Slurry flow rate isutheunt of slurry which is dispensed on the pad

per unit time. The higher this amount more would be the heat taken away &eaftr.

Pad properties: Pad properties, such as asperity density and pad material property to kenbkdhsives
directly influence the total heat generated in the process. |daperties, such as mean asperity height
and asperity hardness, elastic modulus of the pad which furthesrices the actual contact area of the
pad with wafer change along with polishing. The thermal propedfethe pad, such as thermal
conductivity and thermal diffusivity of the pad are essentahmeters to decide the amount of heat

going into the wafer and consequent temperature rise for the \kafg2Fy].

Wafer properties: Apart from the surface roughness properties of the wafer winfthence the
coefficient of friction and the total heat generated, thereo#lter properties of the wafer which can

influence the temperature rise value. The conductivity of themnmahterial is important parameter to
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decide how much heat is partitioned into the wafer. Theasideshape of the wafer is another parameter
to determine the amount heat going into the wafer. For examplee#iigartition for a copper disc and a

copper wafer of the same size under the same polishing conditions woultebendi21].

2.4: Material removal process in polishing

Material removal occurs when hard abrasive particles prasene slurry are pressed against a
softer wafer and a relative motion is provided to shearheffmaterial. Pad acts as a medium to rigidly
hold the abrasives in their asperities and remove the materialdikéirzg tool. However, all the abrasive
particles are not engaged in this process; some of themaateve as they are located in the voids of the
pads. Some abrasives may not be held rigid enough to perform-laotlycabrasion, rather they roll

between the surfaces of pad and wafer to give some material removal.

The basic difference between the material removal in CMRameentional polishing or lapping
is shown in Fig. 2-8. The real contact area of the pad and dfer v quite small compared to the
apparent contact area because of the waviness and roughnlessafit In the conventional polishing,
size of the abrasives is large enough and is in the microsbadh is same as the order of pad asperities.
Thus in this case when the pad comes in contact with the whéerabrasive particles which are
embedded in the voids or lower portions of the pad are large ermeghge two-body abrasion. Most of
the abrasive particles contribute to the material removahis case. In CMP, the size of the abrasive
particles is in the nanoscale which is much smaller than ttxsnale order of the pad asperities. Most
of the abrasive particles tend to be in the majority region where the pad fendweanot in contact. They
are free to move in the slurry medium and are either inactiveause three-body abrasion, which
contributes negligibly to the material removal. Fewer abegsarticles which are embedded in the pad
regions in direct contact with wafer are responsibletifier two-body abrasion and thus the material

removal [23].
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Fig. 2-8: Material removal mechanismin (a) conventional polishing and lapping and (b)in CMP [ 23]
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2.5: Material removal mechanism in CMP

There are typically two contact modes in CMP between the padslurry, and the wafer
depending on the relative velocity and down pressure, namely, hydasrit contact mode and solid-
solid contact mode. Fig. 2-9 shows the two contact modes. In the thydaonic contact mode, the down
pressure applied on the wafer surface is quite less anddtigerevelocity of wafer and pad is quite high
resulting in a thin fluid (slurry) film formation between twafer and the pad. The thickness of the film is
in microscale whereas the abrasive particles are in ndaobtast of the abrasives float in the slurry and
become inactive, the material removal is accomplished byofetiie abrasive particles by three-body
abrasion. In the solid-solid contact mode, the relative velocitydsstwhe pad and the wafer is lower and
the down pressure on the pad is higher resulting in contacdadgpeerities with the wafer. The abrasive
particles in those asperities which are in contact with themgégt embedded in the pad and remove

material by two-body abrasion [23].

Further details of solid-solid contact mode at the aspeegitgllare given in Fig. 2-10. At a
relatively less down pressure on the wafer, the pad agjeeribt in direct contact with the wafer. Rather
the pad asperity has the embedded abrasive particles in contattewvafer. At a higher load, the pad
tends to bend around the abrasive particles to get in contactheitvafer. This increases the actual area
of contact between the pad and the wafer. There would be a clmatigeforce applied on the abrasive
particles in the two cases. In the first case, if itssuaed that there are N active abrasive particles, the
force applied on the asperity is supported by these N parfidiesmean force on each particle would be
F = PB/N where P is the pressure and B is the area ofsphexity. In the second case, the force is
distributed to a part of the asperities in contact with thiemas well as the abrasives. The mean force on
each particle would be F = R/4) X* where x is the diameter of the particles. The averageairthe

asperity per abrasive particle
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Fig. 2-9: Material removal mechanismin CMP (a) Hydrodynamic contact mode (b) Solid-Solid
contact mode [ 23]

i.e. B/N is larger than the cross sectional area of alerasiv @/4) 2. This implies that there is a
reduction in the force on each particle with increase in pregsuincrease in the area of contact. This

results in a reduction of MRR compared to the expected values [23].
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Fig. 2-10: Material removal in solid-solid contact mode in CMP (a) at relatively less down pressure
(b) at higher down pressure [ 23]

The material removal is the product of average matesraoved by a single abrasive with the
number of active abrasives per unit time. Similar equation was showndogrid Dornfeld [23] is:

MRR =pNV, wherep is the density of the wafer, N is the number of activasibes and Y is
the volume of material removed by single abrasive.

Another way of representing MRR is to show it as a functiothefinput parameters such as
pressure and velocity. Preston proposed an equation of the form:

MRR = K PV, where P is the pressure, V is the relatef@city and K is a constant, called, the

Preston’s constant.
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MRR is proportional to the product of P and V which represents theamieal power input and
K represent the effect of other parameters. HowevertdPresequation only shows the influence of
process parameters including pressure and relative veldaitggliects the effect of consumables, such as
pad, abrasive particles, and wafer which have been shown egptaliy to effect the MRR. Various
things cannot be explained by Preston’s equation, such as polistiergnces between softer and harder
pad or, in general, different materials of the pad, theeffeabrasive size and shape on MRR, abrasive
and wafer hardness, abrasive-pad and pad-wafer interactionsaskeadn the force applied on the
abrasives with increase in the contact area which leadsser MRR and so on. It has been shown that
the linear Preston’s equation is ideally applicable for paoighiith a pad whose hardness is similar to or
more than that of abrasives and wafer being polished [24]. BEi#iR, polishing pads are typically very
soft compared to the abrasives and the wafer. The size of thecalenalsrasives in CMP is much smaller
than the size of the pad asperities exposing pad to contact tae tirals Young's modulus, hardness,

roughness, shape, and asperity distribution of the pad play a signititafor MRR.

2.6: Factors effecting MRR

Load: An increase in the downforce or pressure applied on the watbelpad would increase the depth
of penetration of the abrasive particles and thus giving material removal. The increase of removal
rate with pressure is linear and is shown in Fig. 2-11 for varl®RM along with repeated tests. For
polishing at a constant RPM of 50, the increase in pressure2fiton® psi showed an increase in MRR
from 400 to 700 A/min. For the same range of pressure, higherediffierin the MRR is observed at
higher RPM conditions. At higher load, due to an increase in thecqatéict area the force on the

abrasive patrticles is decreased which decreases the MRR compdeeépdcted values [23].
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Fig. 2-11: Variation of material removal rate with pressure[24]

Velocity: Sliding velocity between the pad and the wafer determinesttear force applied on the

abrasive particles. Higher velocity or RPM would imply higbbear force and thereby more material

sheared off for the same depth of penetration of abrasivelparti-or constant pressure, MRR increases

with increase in the sliding velocity or RPM as shown m B+12. Fig. 2-12 shows that MRR increases

from 400 A/min to 900 A/min with increase in the RPM from 50 to 258 @ednstant pressure of 2 psi.

The increase in MRR is higher for the same increase in RPM ar lpgdesures of 4 and 6 PSI.
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Fig. 2-12: Variation of material removal rate with RPM [24]
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Abrasive concentration: Abrasive concentration increases the number of active iabraarticles.
Material removal is directly related to the no of activeaalwe particles as shown by Luo and Dornfeld
[23].The Material removal rate increase linearly with alw& concentration as shown in the Fig. 2-13.
Figure shows that the MRR increases from nearly 0 to 1500 A/ritin an increase of abrasive
concentration from 0 to 30% in the slurry for abrasive s0£&f) and 140nm. Abrasive size of 80nm was
giving higher MRR compared to 50 and 140nm sized abrasive parfimleshe same abrasive

concentration in the slurry.
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Fig. 2-13: Increase in MRR with abrasive concentration [ 28]

Abrasive size: The MRR increases with increase in the size of alwdsi a certain value of abrasive
size and shows a decrease for further increase in the absasvét is because when the particle size is
larger than approximately twice of the nano film thickness, th&@MRI decrease because it is harder for
the large particles to be entrained into the interface between avafgad asperities. Smaller particle size
show lower MRR because the abrasives tend to be trapped ialkgsvamong pad asperities and will

not contact the wafer to remove material. Thus, thereni®mimal size of abrasive particles for a
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combination of pad and wafer which gives highest MRR. Fig. 2-14 shmvsariation of MRR with
abrasive size. For constant P and V values, the MRR ineredtie increase of abrasive size until a
particular value of abrasive size, for higher abrasiize the MRR shows decrease in value. In the

experiments conducted by Zhetal. [28], the highest MRR was obtained by 80 nm size abrasives.
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Fig. 2-14: Variation of MRR with abrasive size [ 28]

PV: The product of load or pressure and RPM or sliding velocityesemts the power applied in the
polishing process which is equivalent of the work done to moveiabsaand thus shear material on the
wafer in the presence of load applied by the pad. Thus theiahatamoval would increase with the
increase in applied load and sliding velocity. MRR showsealitincrease with product of pressure and

RPM as shown in Fig. 2-15.
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Fig. 2-15: MRRlinear with product of RPM and pressure [ 29]

Pad properties: Material removal is strongly related to the properties optiet Roughness of the pad is
an important parameter to determine MRR. If the pad is fiteig, rough or has asperities hold the
abrasives and remove material. But eventually with polistiiagpad asperities get worn off or flattened
which decreases its capability to hold abrasive partahesremove material. Thus the surface profile of
the pad and the ability of the pad asperities to hold the abrasive paniltleace the MRR. Another pad
property is its hardness. A hard pad is less pliable whersaft pad has tendency to bend easily. Softer
pad has tendency to bend around the abrasive particles and thus bepuese directly to wafer whereas

in hard pad only abrasive particles are in contact with wafer [25], [ZH]}

Wafer properties: An unpolished wafer yields more MRR for the same conditions cadptar a

polished wafer because of rougher topography and thus higherczowfbf friction to give higher MRR

[20].
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2.7: MRR decay

It has been observed that the MRR goes on decreasing in th@ngpfisocess with time if pad
conditioning is not applied. Fig. 2-16(a) shows the decrease in npechahean MRR from 0.36 to 0.26
for a polishing time of 50 minutes. Fig. 2-16(b) shows the decredise removal rate for various pads in

a time span of 50 minutes.

The decrease in MRR can be attributed to the following reasons:

Decrease in coefficient of friction: The coefficient of friction (COF) between the pad and theswaf
which comprises of many factors decrease with polishing tinge.2-17 shows the decrease of COF
from 0.35 to 0.13 in a polishing time of 500 seconds. The main reasdrefdetrease in the COF is the
wear of pad asperities along with time. If the pad is not conditl then the pad asperities tend to get
leveled down along with the polishing time. The tendency to artbieoabrasive particles is decreased

and thus the MRR decreases. If the slurry being circulated isenonditioned, the abrasives get blunt
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Fig. 2-16 (a), (b): Decreasein MRR with time [25], [ 26]
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Fig. 2-17: Coefficient of friction decreasing with time during polishing [ 20]

along with polishing time and their abrasion ability gets lesaso, the wafer being polished gets
smoother along with polishing. Thus there is an overall decraabe ICOF along with polishing which

decreases the MRR.

Increase in the pad contact areaThe elastic modulus of the pad which is made of polymeric material is
sensitive to heat and the modulus decreases with the rise in temperawantinuous polishing process.
The reduction in the modulus of elasticity of the pad implies rdduction in the hardness of the
asperities. This means that at the same load, the pad is pressed nuneateithe area of contact. Fig. 2-
18 shows the increase in the area of contact with temperdtue normalized contact area increases from
1 to 2.2 with the increase in temperature from 20°C to 60°C. Also, the stid eladulus decreases from
29 to 11 MPa for the same increase in temperature. Aadglidiscussed, the increase in the pad contact
area decreases the force on abrasive particles due tibudish of same load on more area and thus

decreases the material removed by the abrasives.
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Fig. 2-18: Increase in the pad contact area and decrease in elastic modulus with Temperature [ 19]

2.8: Pad wear

The pad asperities tend to get flattened along with time dpohghing process. The reason is
wear of the pad asperities by the abrasive particles under ésenge of load and shearing force. It
implies that the pad becomes smoother or ‘glazed’ eventuéhypaslishing. With the asperities of the
pad getting blunt, their tendency to hold the abrasive particle®ases and thus the material removing
ability of the pad decreases. Rpk which means ‘reduced pegitht’hsi an estimate of the peaks of pad
asperities above the main plateau. It is related to tlae @hearacteristics of the pad and it decreases with
polishing time as the asperities get flattened. To avoidsttiation pad conditioning is performed which
involves pressing a rotating disc with a rough surface agdnagpad during the polishing process. The
rough disc abrades the pad to convert the smooth and blunt aspetitiesugh, increasing Rpk and

thereby MRR. Fig. 2-19 shows the reduction of Rpk and MRR with patrsh tf pad conditioning is not
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done, and both of them increase if pad is conditioned. Rpk decrea®e3.5rto 2.2 um and removal rate

decreases from 2500 to 1300 A/min in a polishing time of 30 min. Pad ioondit increases the Rpk

value to 3.3 um and removal rate to 2400 A/min.
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Fig. 2-19: Decrease of (a) Rpk and (b) MRR with polishing time and their increase with conditioning

[27]
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Chapter 3: Sensors in Chemical Mechanical Polishing

A sensor is an instrument which measures a physical quantitgcaaverts that quantity into a

signal which can be assessed by an observer or by an appliance.

3.1: Reasons for the use of sensors in Chemical Mechanical Planarinat

End point detection: This is the most important reason for the use of sensors in €MRBhing end
point may refer to polishing until the exposure of the bafager or removal of a required quantity of
material. The variation in the sensor signal at polishingpeat can be assessed by a controller and the
polishing process can be stopped at that point to give precisislgefd wafers. However, if the sensors
are not used for this purpose, the method would be to stop polishimhecidthe wafer repeatedly. This
would be slow and still an imprecise method. Almost all kinds e$@es: optical, temperature, pressure,
acoustic, vibration, infra red and others can be used for end ghetection because of the change in

corresponding physical properties as soon as the barrier layer i@éxpos

Uniform polishing of wafer: Uniform removal of material from the wafer surface idiclifit to achieve

in an uncontrolled process. As the relative velocities atehiphery of the wafer and at the center of the
wafer are different, the material removed from these locasbnsld be different. Sensors are attached
behind the wafer to obtain a surface profile and controfianschange the parameters, such as pressure,

temperature accordingly to make the contour uniform.

Defect detection:Defects in the form of scratches and metallurgical damagearise in wafers due to

excessive usage of abrasive, pressure, and unevenness in pressurevdiimegaén any parameter, such
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as temperature, pressure, alignment, flow rate, can be atbtbgt sensors and compared to the

permissible values by controllers.

Detection of pad conditions: To ensure that pad profile and roughness are uniform throughout the
surface, it is important to incorporate sensors in the CMiips&he mechanical properties of the pad,
such as elasticity and coefficient of friction are monidog the sensors, e.g. pressure, vibration, etc. As
the pad surface gradually gets smoother and blunt, it is impddadecide the optimal amount of

conditioning provided to the pad so that the wafer finish are witleindierance limits.

To check the presence and proper positioning of the waf. In the commercial CMP, it is important to
detect the presence of wafer in all the wafer carrfds, during polishing, misalignment of the wafers,
jumping of the wafer from the wafer carrier, and breakage é¢mean be detected by sensors, such as

vibration, pressure, optical and so on.

To measure stresses in the wafePressure and temperature sensors are used under the wafer to g
pressure and temperature contours respectively for the wafese Thatours can be used to evaluate the

stresses in the wafer during the polishing process.

General measurement purposeApart from positioning the sensors around wafer, pad, and slurry,
sensors can be implemented in other parts of the CMP syAtéemperature sensor can be used for
temperature measurement in a temperature control unit,saupgesensor can be used for measuring
pressure in the fluid lines, a displacement sensor can blefarsmeasuring the displacement of various
moving components. The measurement from the sensors is adseaseahtrol unit which maintains the

parameters to be optimal.
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3.2: Different kind of sensors used in chemical mechanical polisty

Optical sensors: Optical sensors detect the presence of light or eleafyoatic radiation. Laser
interferometer, radiation sensors, light sensors also corhe saime category. Their prime use is for end
point detection in CMP. A light source emits light on the semigotwat wafer which reflects back to the
optical sensor. As the end point of polishing is reached, aréif€e in the intensity of light is obtained
because of different reflectivity of the under layer. Ogdt®ensors can also be used for measuring the

distance from a point.

Acoustic emission sensorsAn acoustic emission sensor detects the acoustic emisaioich are
mechanical waves generated by the plastic deformation of tbing surfaces. As a wafer or a
conditioner rubs against the pad, acoustic emissions are gehdra to plastic deformation which can
be detected by the sensor. By measuring the intensity ofwasss the progress of the polishing process

can be determined.

Infrared sensors: Infrared sensors detect the magnitude of the infrared nafyardd rays are generated
during the polishing process because of the frictional heat gemetzetween the wafer and the pad.
Measurement of the infrared rays can indicate the temperattine particular point. Infrared sensors can
be used for detecting the polishing end point when more heaheésaged during the polishing of the

barrier layer.

Eddy current sensors:These sensors are used to measure the proximity and tkeetgoof the wafer.
The sensors are placed at a fixed distance from the v@dasor is made of a coil in which alternating
current is passed which generates electromagnetic field aroenvedafer and thus generates eddy current
in the wafer. The eddy current generated in the wafer varyetbctromagnetic field in the sensor

depending on the distance. This concept is used to measure the distamiekards of the wafer.
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Ultrasonic sensors: Ultrasonic sensors are quite similar to radiation or optgsnsors in their
functioning. They detect the sound waves of ultrasonic frequenityasbhic waves emitted from a
source and reflected back by a surface can be detected byrasonit sensor. This can be used to

measure the distance of the surface.

Displacement sensorsDisplacement sensors are used to measure the distancedinD¥vances can
refer to the space between the wafer and the pad, thicknésswéfer, uniformity in wafer or pad and so
on. Hall effect sensors, optical interrupter sensors, eddgrt sensors are some of the displacement

sensors which are also called proximity sensors.

pH sensors:These sensors are used in CMP for monitoring the pH ofluhg.sA dynamic sensor is
required as the pH of slurry keeps on changing due to mixing diyim®duct of the wafer polishing

process. The pH can give various indications about polishing process.

3.3: Temperature sensors

Temperature measurement is an important task in many appigaf technology. Temperature
sensor estimates the value of temperature by using a speltysical property. The physical property
might be variation of thermal coefficient of expansion, eleatrresistance of conductor, voltage vs
current characteristics of diode or so on with temperature.tdine temperature sensor encompasses
instruments from a thermometer to an advanced infrared sensothdé-a@ontext of CMP process,

temperature sensors can be classified into two groups, non-contact aad. cont

Non contact temperature sensorsNoncontact temperature sensors measure the thermal rpdiaet

of the infrared or optical radiation that is received from a knowgalzulated area on a particular surface.

Contact temperature sensorsContact temperature sensors are in physical contact withothewhose

temperature has to be measured. The sensor actually needsur@vn temperature, and with an
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assumption of thermal equilibrium with the body it is assumedtémaperature at the contact surface of

the sensor would be same as that of the body. Types of contact tengpseators are:

1. Thermocouples
2. Resistance Temperature Detectors (RTDs
3. Thermistors

4. Semiconductor/IC Temperature sensor

3.4: Purpose of using temperature sensors in CMP

3.4.1: End point detection

Change in the frictional heat: In the method proposed by Sandhu [30], either single or multiple sensors
are mounted in the wafer carrier just above the waferpgrstath the pad and besides the platen where
slurry byproduct is falling as shown in Fig. 3-1. The purpose is tectdéte end point. The substrate
(wafer) has a cover layer which has to be planarized uetiltiderlying layer is exposed. The underlying
layer is made up of material having more coefficient whibm. The underlying layer thereby produces
more heat on polishing. This increase in heat generation caletbeted by temperature sensors and

polishing can be stopped.

Temperature
Sensors Wafer Carrier
/R~ Water

/N~ ] /1 Slurry Platen

Dispenser  p_q /

/

< YT //

Slurry

Fig. 3-1: CMP Setup proposed by Sandhu [ 30]
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The arrangement for end point detection in CMP using tempersg¢unsors as proposed by Koo
et al. [31] is shown in Fig. 3-2. A temperature sensor is locatedaavéy in the polishing pad. The
sensor can be placed at the extreme top of the cavity to raqaethwafer interface temperature or the
sensor can be placed at the center of the cavity to neetesuperature of the pad. Another sensor on the
edge of the wafer carrier measures temperature of they.sllinere is a feedback controller and
monitoring unit to compare the measured temperature valuegheosensors with the predetermined and

fixed values of temperature/ heat to determine the end point.

| 1 SLURRY SUPPLIER
Wafar

Fig. 3-2: CMP setup proposed by Koo et al. [31]

Endpoint on the basis of material thickness to be remode In the method proposed by Onbal.
[32], the wafer carrier has a heating element just abovevétier as shown in Fig. 3-3. There is a
temperature sensor in the pad which shows the pad-wafer ietéefaperature. A fixed amount of heat is
given by the heating element which is transmitted througkvétier and is detected by the sensor. As the

polishing progresses, the thickness of the wafer decreasdakesads a variation in the heat detected by
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the temperature sensor. A controller is used for comparingtheerature values from the sensor with

predetermined values. Polishing is stopped when desired amomnatteral has been removed from the

substrate.
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Fig. 3-3: Setup proposed by Ono et al. [ 32]

3.4.2: Uniform polishing of wafer

Heating and measuring temperature of the slurry: During polishing of the wafer, some slurry is
trapped in the center where maximum temperature is gedeg&itee the slurry around the edges of the
wafer is cooler, the material removal from edges is lesseihviddds to non-uniformity. To eliminate this

problem, the incoming slurry can be heated to a temperature equivalentexitdreo€ the wafer.

Fig. 3-4 shows the method proposed by Lin [33], the temperature aiuirg just below the
wafer is measured by a temperature sensor which is fixe@ ipath. The slurry temperature at the inlet

nozzle is also measured by a temperature sensor. A dentnabasures the difference between the
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temperature values from the two temperature sensors aratexpa heater to raise the temperature of the

incoming slurry.

He/ater
SANANAAAN
FAVAYAVA VAV A VAN
\Wafer Temperature sensor
carrier for slurry
\/ Contrgller
Wafer ' .
Pad 7| //l

Temperature sensor for wafer

Fig. 3-4: Setup proposed by Lin [33]

During the start of the polishing process less heat is ldd@nd with the advancement of the
process the total heat generated increases. This non-uniforrfeaeatto non-uniform wafer polishing
and defects. Naujokt al. [34] proposed a method in which the slurry is heated initially wiheés
relatively cold and at a later stage of polishing whersthey is hot, it is cooled to maintain nearly the
same temperature throughout polishing process. Temperature sarssa {8 measure the temperature of

the slurry.

Heating and measuring temperature of the pad: In the case of a belt pad, the position of the pad
relative to the wafer is fixed. The temperature of the padbeavaried along the width to ensure more

heat is provided at the edges of the wafer during polishing.
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In a method devised by Wl al. [35] which is shown in Fig. 3-5, slurry of different temparas
are dispensed at different widths of the belt pad. Thistesezones of different temperatures on the belt
pad. Accordingly, the wafer being polished would have different teatyres across it's width which can

be monitored via temperature sensors and controllers to uniformly polish wafer.

]
]
]

I——

slurry
nozzle 7<

Temperature
controller
[o)

Fig. 3-5: Setup proposed by Woo et al. [ 35]

Phamet al. [36] proposed a method of zonal heating of belt pad as shown i8-Eiglhere is a
heating arrangement in the platen which consists of odbietagh which a hot fluid is released to heat
the belt pad. There is a temperature differential in the fleidased through the outlets in the radial
direction. This temperature difference ensures that ther wadieh sits over the platen is heated more on
the periphery than the center. Temperature sensors aréousesure the temperature of the slurry and

the pad. The signals from the sensors are used by a controller tbehiaid accordingly.
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Fig. 3-6: Setup proposed by Pham et al. [ 36]

Zonal heating of the wafer: By a heating arrangement in the wafer carrier just betiaedmvafer, the
wafer is heated in zones of different temperatures from highthe periphery to lower at the center to

ensure uniform polishing.

In a method proposed by Robinsenal. [37], which is shown in Fig. 3-7, a heater coil is
supported at the guide ring of the wafer to heat the periphery wofafee. A controller uses signal from a

temperature sensor in the guide ring to operate the heater coil.
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sensor

Fig. 3-7: Arrangement of heating coil in the guide ring proposed by Robinson et al. [ 37]

In a method devised by Briglet al. [38], which is shown in Fig. 3-8, the wafer carrier has a
heating arrangement in the form of concentric zones of diffeeemteratures. The heating temperature is
kept in increasing order from the inner zone to the outer zonepdratare sensors are arranged radially
in the wafer carrier to measure temperature in those zoneshéltimg arrangement consists of either
resistive heating or a fluid of different temperatures supjti¢dose zones. Signals from the temperature

sensors are used by the controller to adjust the temperature ohtee z

heater

concentric
rings

Sensors

Fig. 3-8: Setup proposed by Bright et al. [ 38]
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In a method proposed by Ide [39], which is shown in Fig. 3-9, the wafekeic consists of
multiple sensors and heating elements arranged radially in r@occeircles. Temperature sensors
measure the temperature in their locality which is heatdtéoheating elements. The heating process by
small and numerous heating elements can minutely control flee paishing rate. Thus by selecting the
amount of heat supplied by the heating elements a desired polsbiilg of the wafer can be generated
as shown in Fig. 3-10. A controller assesses the tempeedtuagious locations measured by the sensors

and controls the heating elements accordingly to get uniform polishittge wafer.
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Fig. 3-9: Setup proposed by Ide[39]
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Fig. 3-10: Contour of wafer material removal [ 39]
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3.4.3: To detect and relieve thermal stresses in wafer

Yahiel et al. [40] proposed a method of using temperature sensors for prediodimgal stresses.
Temperature sensors are mounted in the wafer carrier justdbet@nwafer to obtain the temperature
values at various locations of the wafer. More the numbeseators, more accurate would be the
estimation of thermal stresses in the wafer. A computer is ca@thcthese sensors to generate a thermal
map which can be used to compute the thermal stresses in ttre Suafe a thermal map of a wafer is

shown in Fig. 3-11.

Fig. 3-11: Wafer showing thermal stress distribution [40]

3.4.4: To maintain temperature in a temperature control unit

In a setup proposed by Tzeegal. [41], temperature sensor is used to maintain the temperature
of the polishing belt pad. A fluid is circulated in pipes aroundghé to heat the pad. The heating
arrangement is connected to a temperature control unit whicttaims the temperature of the fluid and
thus of the pad. The temperature sensor is a part of the teampecantrol unit which measures and

maintains the temperature of the fluid.
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3.5: Layout of temperature sensors in the CMP apparatus

In wafer carrier: Temperature sensors can be used inside the wafer cartibehiad the wafer. The
sensors can be arranged in a multitude of concentric caslesaggested by Brigatal. [38] and Ide [39]
so that they can provide a thermal map of the wafer. A simghethermocouple can be used to give the

average temperature of the wafer.

On wafer carrier: As applied by Koaet al. [31], a temperature sensor mounted on the side of the carrier

can indicate the temperature of the slurry which comes in contdcthgitvafer carrier.

In the pad: As applied by Sandhu [30] and Kebal. [31], a temperature sensor placed in the polishing
pad can indicate the temperature of the pad, while a sela®@dpn the pad very near to the polishing

surface of the pad can indicate the pad-wafer interface temperatur

Besides Platen:A temperature sensor can be placed besides the platen Waestrry is collected to

indicate the temperature of the slurry byproducts formed (as afiygliSdndhu [30]).

Inside the wafer: Fig. 3-12 shows the temperature sensors arrangement in the prafmsed by
Avanzinoet al. [42]. Single or multiple temperature sensor(s) can be embeddbd mafer to indicate
precise temperature of the wafer substrate. Radial arrangesnpreferred which helps to reduce the
within wafer non uniformity. The multitude of sensors in the wafees precise value of temperature

which is used to monitor the polishing process closely.

49



Temperature sensor

-/ Wafer
_____ [ 1 B |
== . ,
|
(a)
Ring thermocouple
f’*'ff_._ T —
I e y Z— S
AT S W% / - « \
'I. 'rf i - _\-‘Hl‘\\, l‘.\" I" r/ T b ."'.
| | I-". \ '.II I / y ~ - . ,I .'-,
| | | _.'r lII| I| i :I i II |
! y \_\_,_,/ _r; ! ! Y, -'L ; ]
A i/ \ N1/
b ¥ — & ) AR AT
N -~ \\ T A Temperature sensor
— T Wafer 2 d_,-e”’/ P
g T / I eT=== L
"h...__________'_,...p-"' | -
| - /
(b) (€)

Fig. 3-12: Temperature sensor layout proposed by Avanzino et al. [42] (a) Temperature sensorsinside
the wafer (b) Continuous ring thermocouple used in wafer (c) Multitude of temperature
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Chapter 4: Experimental Setup and Procedure

The objective of this investigation was to polish copper wafétts good planarity and finish and
to implement sensors in the polishing setup to monitor or gréwcprocess output variables, such as
MRR and Ra from the sensor data. Two experimental setups were usedpFaMP setup (fabricated in
the laboratory) and commercial Buehler Automet 250 polishing madBatk.the setups were integrated
with temperature sensors. A set of polishing tests were ctettidollowing DOE approach. The
temperature signals collected from the experiments werd ifmestatistical modeling of the CMP
process. The details of the polishing setups, sensor instrumangattbexperimental procedure are given

in the following sections.

4.1: The face up CMP setup without planetary motion

A polishing setup was built which implemented the face up CMPRd&tishing copper wafers.
Unpatterned 4" diameter copper wafers of 1.25 mm thickness were used &himmliSuba IV Pad made
of polyurethane material was used. Colloidal silica slumyn{ Nalco company) which primarily consists
of SiO, and NaOH was used for polishing. The setup (as shown in Eig)#eomprised of a Speedway
mini milling machine with an R8 spindle in which the R8 colleswaed to clutch a polyethylene pad
holder where the pad was adhered. The pad holder and the pad wenelodiameter in order to cover
the entire wafer from top. A polyethylene tank of 8" sideswaounted on a polyethylene base plate
which was fixed to the worktable of the milling machine. As showfign 4-1(b), a thick block of PVC
plastic with a circular cavity on the top was presgditin the tank to hold the wafer. It was made sure
using a spirit level that the wafer was ok. The wafer waseal in the tank with a measured quantity of

slurry (a mixture of colloidal silica and water in a fixedio). The pad was lowered to apply some load
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onto the wafer. An Omega LCM 302 button load cell was usedcetsuone the load applied on the wafer.
As shown in Fig. 4-1(c), the load cell was placed below thewatiikthe sensitive button aligned axially
with the pad and the wafer. After starting the milling hiae, the RPM of the pad holder was measured

by a Tachometer.

Fig. 4-1: (a) The face up CMP setup without planetary motion (b) Tank with wafer holder (c) Load
cell arrangement below the tank
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After initial trials of polishing at various combinationslofid, RPM and slurry concentration it
was found that polishing of the wafer was not acceptablee™aere circular rings observed in the wafer
with more polished surface near periphery and lesser neaeriter.cThe reason for lesser polish in the
central region of the wafer was that the relative cigfobetween the wafer and the pad is nearly zero.
There, the pad was completely superimposing the wafer witstatienary center of the rotating pad just
over the center of the wafer. While there were ringsrokseon the other parts of the wafer. The pad was
not subjected to a uniform load distribution at every cancuing section of the exposed area. This is
because of the pliability of the pad, which leads to unequal espasuthe pad and the more
exposed/pressed ring sections giving more polishing compared to lps=ssed pad sections.
Consequently, concentric rings of more and less polished parts wergeztben the wafer. This lead to

the conclusion that planetary motion was required for polishing of copperswaf

4.2: The face up CMP setup with planetary motion

A mechanism of planetary motion was applied in the face up G&tep to obtain overall
polishing on the copper wafers. Fig. 4-2 shows the difference in tlshipgl mechanism of the first and
the second face up CMP polishing setup. Diameter of the patkdased by half from 4 inch to 2 inch.
Central axis of the pad was moved so that there was aalistdri inch between the centers of the pad
and the wafer. Also, the wafer was given a rotary motioand®ary motion due to the off centered
position of the pad with respect to the wafer ensured that th&s no point between pad and wafer with
zero relative velocity. The circular rings were avoided bexafighe rotary motion of the wafer. Thus,

the new mechanism was able to give uniform polish on the copper wafers.

Another setup was built (as shown in Fig. 4-3) which followed thegpary motion mechanism.
Diameter of the pad holder was reduced from 4 inch to 2 inch.bbttom part of the polishing setup
comprising of the tank with the wafer rest was given rotatiorlon through a chain drive. On one side,

the chain drive was connected to a pinion on the drive shaft of a Baldor 0.5 hp DCamdton, the other
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side to a bigger diameter sprocket which was attachedvlibe tank. There was a thrust bearing attached
at the bottom of the sprocket. The thrust bearing was pitesd iinto a Teflon rest plate which was
attached on the worktable of the milling machine. ThereaMastton load cell under the Teflon rest plate

which was aligned with the center of the pad.

Two small boxes each having a Tmote platform were attactibdhe help of strap clamps to an
end mill holder which was clutching the pad holder shaft. Sengens connected with thin wires to the
Tmotes. Temperature sensor was placed behind the pad to takenjtsrature. The sensor was not
attached to the pad directly; instead there was a coppdrefwieen the pad and the sensor to protect the
sensor from the slurry. The pad holder was modified to porate a temperature sensor. As shown in
Fig. 4-4, through holes slightly bigger than the sensor were maithe dase of the pad holder. A cup
made of copper foil which was of the same size as that of thegdder was adhered at the bottom of the
pad holder. The sensor was placed into one of the holes and aesedtbn the copper foil. Pad was

adhered on the other side of the copper foil.

At the start of a polishing experiment, rotation of the wadad the pad was started
simultaneously. RPM of the wafer was selected by a controfléehe motor. Polishing was done at
different combinations of load, RPM, and slurry concentration. Thehiag was found to be uniform on
the entire wafer but the surface roughness values had a stamgrovement. Multistage polishing

process was applied to improve the surface roughness values.
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Rotating pad Stationary wafer Rotating wafer Rotating pad
Polishing mechanism in face up Polishing mechanism in face up
CMP without planetary motion CMP with planetary motion

Fig. 4-2: Difference in the polishing mechanism of the setups without and with planetary motion

Fig. 4-3: Face up CMP setup with planetary motion
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Copper foil cup

Fig. 4-4: Arrangement for attaching temperature sensor behind the pad

4.3: Multi stage polishing process

The polishing results obtained from continuous polishing of the wéfkra single pad were not
satisfactory. Hence, the polishing process was changed from a continuoss pocg@rocess comprising
of smaller duration stages. The pad, RPM and load conditionsolvangied in each stage. The change in
polishing conditions of the stages was intended to give coarish jatially and fine polish in the later
stages. The multistage polishing process had 3-4 stagds Tind initial stages of polishing were
accomplished with hard pad and at higher load with lesseiveelatlocity to remove more material. The
later stages of polishing were done with softer pad at lowdrdod higher relative velocity to give a soft
polishing or buffing action. Various combinations of hard pads, soft, paad, velocity and polishing
time for each stage were investigated. The conditions fantli stage polishing experiment which gave

best polishing results are given in Table 4-1 and the images of theavafshown in Fig. 4-5.
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Table 4-1: Polishing conditions for multistage polishing experimeritsheist polishing results

Stage Pad Type Load (Ib) | Wafer RPM | Pad RPM Polishing Time (min)
1 Suba IV 35 40 500 30
2 FBP 25 50 700 30
3 15 75 700 15

Beuhler MicroCloth

Optical micrographs of polished surface

For - x ﬂf"frqi‘;b"f

SEM images of polished wafer

Fig. 4-5: Optical microscope and SEM images of wafer in a multistage polishing experiment
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4.4: Buehler Automet 250 Polishing machine

Buehler Automet 250 polishing machine is shown in Fig.4-6a. A spadioieler is used to hold
the samples to be polished. The specimen holder consistedeefhtbles of linch diameter and three
holes of 1.6 inch diameter arranged symmetrically. The coppderwsamples used for polishing
experiments had 1.6 inch outer diameter and cup like shape as shown in Fihé-6ample was 1 inch
high and thickness of the base was 0.1 inch. A temperature seasattached on the base of the sample
to measure the pad-wafer interfacial temperature. The se@soconnected through wires to a Tmote
platform placed in a box attached to the rotary part of thehpojsnachine. There were six fingers on
the machine head which were pushed down pneumatically at the gpeisbing to apply the selected
amount of downforce on the samples in the specimen holder. The spdudder was inserted into a lift
lock chuck which was connected to the motor drive shaft.speeimen holder was not clutched in the
chuck very firmly, rather the specimen holder was allowed te laafloating motion. Also, the copper
wafer samples were minutely smaller than the holes ingeeirsen holder. The clearance between the
samples and the holes in the specimen holder and the floating motiba sfecimen holder gave the
samples ability to comply with the variations in the pad pafuring polishing process. Polishing pad
was adhered on a bimetallic plate which was attachedetaglly to a platen. Microcloth which is a soft
felt pad and Masterprep which is an alumina based slurry (bmtth Buehler company) were used for
polishing experiments. Slurry falling off the pad during the polishists twas collected in a drain besides
the platen. The slurry flowed through a drain hose into a samaltl t A peristaltic pump was used to
circulate the slurry. Thin rubber pipes connected to the pump afiecuslurry from the small tank to the
pad during the polishing tests. There was a control panel on tbleimeaThe RPM of the specimen

holder and the platen, the down force applied by each finger could be corfratfethe control panel.
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BUEHLER
AutofMet® 250

,,,,,

Pt

Fig. 4-6: (a) Buehler Automet 250 polishing machine (b) Copper wafer sample with a temperature
sensor

4.5: Wireless sensor network, Tmote, temperature sensor and data acquisiti
procedure

A wireless sensor network comprises of two basic nodes. Om®mar sensor nodes, and a single
display node that is connected to the computer as a base statiollect and format data from other
nodes. The sensor nodes communicate with the base node via radidkn&tveocomputer provides the

graphical user interface, display, and control.

Tmote is a mote platform for extremely low power, high data sensor network applications. It
has an integrated radio, antenna, microcontroller, and programminglitggsaldiinyOS was used as the

development environment for Tmote, which is an event-driven operayistgm intended for sensor
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networks. The TinyOS applications are written in nesC laggua version of C language that was
designed for programming embedded systems. A Java applicatioal Serwarder is used for
communication between computer and Tmote. Java tools Oscilloscopeaavidrican be used to display
the readings on the computer. Cygwin which is similar to Unisirenment and command-line interface
for Microsoft Windows is used to activate Serial Forwarder, @sctpe, and program Tmote to function
as transmitter or receiver, as well as for selectingCAtwrts, sampling rate and the number of sensor

channels.

L. Yo oo[faooo
JlMllsoo||060606¢

o
"".11'5| RN .5 |

Wl v

JTAG Digital switch tadio Antenna
connector Isolating USE from Connector
microcontroller (optional)

Fig. 4-7: Moteiv Tmote sky mote platform

A temperature sensor AD 22103 from Analog devices was usedtiiging temperature. As
shown in Fig. 4-8, the flat part is the temperature sensitivepapemt of the sensor. The three leads

correspond to ground, supply voltage, and output voltage, respeciiledge were connected to the
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Tmote through lead wires. The sensor has temperature sinsifi28mV/°C, the supply voltage range

of 2.7 V to 3.3 V, and temperature measurement span of 0°C to 100°C.

Input voltage lead—— -
I

Qutput voltage lead———

e e

Temperature sensitive flat paf

Fig. 4-8: Analog Devices AD 22103 temperature sensor

Two temperature sensors were connected to a Tmote platforoh wi@s programmed as a
transmitter. The Tmote platform was programmed to displag tkannels of the sensor data
corresponding to the two temperature sensors. The sampling ratetvaasisHz for each sensor. Another
Tmote platform programmed as a receiver was connectedctmmauter. On initiating the Trawler
application the signal from the two temperature sensors weptaged as two time series of different
colors representing two channels. The temperature signalisgayed in mV. The signal was converted
to temperature units (°C) by using a relation obtained frond#ét@sheet of the temperature sensor. At
the start of a polishing experiment, previous signal wastetlto clear the screen by selecting clear data
screen option in Trawler. At the end of the experiment, save optisnuged to save the data until that

point of time. The data was stored in the form of text file which was fasdurther analysis.

4.6: Experimental procedure

Copper polishing tests were conducted on Buehler Automet 250 polistasgine with the

objective of correlating material removal with the tenapere rise and polishing conditions. The
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experiments were based on L-8 Taguchi design as shown in Tabiadpolishing run had some fixed

values of relative velocity, load and, slurry concentration.

Table 4-2: Taguchi L-8 design of experiments

Run Relative Down Force | Slurry
velocity (Ibs) Concentration

(m/sec) (alumina:

water)
R1 5.7 10 1:3
R2 5.7 10 1:5
R3 5.7 5 1:3
R4 5.7 5 15
R5 3.7 10 1:3
R6 3.7 10 1:5
R7 3.7 5 1:3
R8 3.7 5 15

Table 4-3: Each run had 4 experiments and were carried away as shown

Scratched wafer , new pad, new slurry 30 sec polish, polistezdesaratched
3

Scratched wafer , new pad, new slurry 60 sec polish, polished weafaicied
>

Scratched wafer , new pad, new slurr 90 sec polish, polished wetfaicied

Scratched wafer , new pad, new slurry 120 sec polish
—
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Each polishing run consisted of four polishing experiments. As showakle 4-3, the polishing
experiments were conducted under the same polishing conditionsffeaenti amounts of time. Two
copper wafer samples, each with a temperature sensor werdougbe polishing experiments. The
second copper wafer sample was used for the repetition ofiipgliexperiment conducted using the first
sample. Both of the samples were polished together, thus thetioepef the experiments were
accomplished along with the original experiments at the saonditions. Copper wafer samples were
initially polished/scratched with a 600 grit SiC paper on thmtishing surface before polishing
experiment. The surface roughness of the copper samples wasreteby MicroXAM shown in Fig. 4-

9, which is a laser interference microscope from ADE PhaseT®ulftnologies.

Fig. 4-9: MicroXAM from ADE Phase Shift technologies

Values of the surface roughness were measured at 4 random polmspotighing surface of the

samples. New pad and fresh slurry (alumina and distilled waitexd in a specific ratio) were used for
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each polishing experiment. The copper wafer samples werdhguberatched to obtain the average
roughness of the polishing surface between 350 and 400 nm. This evresite the same initial polishing
condition regarding pad, slurry and, polishing surface of wafer saatptlee start of every polishing
experiment. For weighing the sample, a digital weighing machime 8artorius shown in Fig. 4-10 with

a precision of 0.1mg was used.

Fig. 4-10: Sartorious digital weighing machine

At the start of a typical experiment, a new pad was adheretieobimetallic plate and the
bimetallic plate was attached on the platen. Nearly 120 ntheofslurry was placed in the small tank
behind the drain hose. Two copper wafer samples were mounted in timespdiolder. The sensors
were attached on the base of the samples. The values of loadPdhev&e selected from the control
panel. The slurry circulation from the tank to the pad wdkiad. Thereafter, the machine was started.

The data acquisition was started at this point. The polishingegsostopped after a predetermined time
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which was selected on the control panel. The data acquisitiostog®ed and the sensors were removed

from the samples. The samples were then rinsed withletistitater and placed in an ultrasonic cleaner

which is shown in Fig. 4-11.

Fig: 4-11: Ultrasonic cleaner

The ultrasonic cleaner consisted of a bath which wkeslfiith water. A plastic tank partially
filled with distilled water was immersed in the bath. Thenglas were placed in the plastic tank.
Ultrasonic vibrations generated in the cleaner assistednioving the slurry particles adhered on the
samples. The samples were dried with air and cleaned vétbreec Weight of the samples was measured

by the weighing machine. The MRR was calculated using the relation:

MRR = (weight of sample before polishing — weight of sample aftéshpog) / time of polishing

Fig. 4-12(a) shows an optical microscope image of the poyiskiurface of the copper wafer

sample at the beginning of 2 min of polishing experiment folloviRigrun. Fig. 4-12(b) shows the 3d
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profile of the polishing surface. Ra of this surface was 340 mgn.4F13(a) shows optical microscope
image of the polishing surface of the copper wafer samplezften polishing experiment following R1

run. Fig. 4-13(b) shows the 3d profile of the polishing surface. Ra of thacsusfas 3.5 nm.

@) (b)

Fig. 4-12: (a) optical microscope image and (b) 3d profile for starting condition with Ra of 340 nm

(@) (b)

Fig. 4-13: (a) optical microscope image and (b) 3d profile after 2min of polishing with Ra of 3.5 nm
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Chapter 5: Qualitative analysis of temperature ser@ signal

Copper wafer polishing experiments were performed on theulpdeMP setup. A temperature
sensor was attached behind the pad to measure the padmeafieice temperature. Temperature profiles
(temperature signal time series) were obtained for vapalishing conditions. Temperature profiles,
variation in the temperature profiles with load, RPM, and slaonditions, temperature profiles for
multistage polishing and relation of temperature with PV and MIRR presented in the following

sections.

5.1: Temperature profiles

A typical temperature profile observed in the copper wafer polishingiegas is shown in Fig.
5-1. The profile resembles with the temperature profiles vbddry Sampurnet al. [43] shown in Fig.
5-2. It can be observed from the temperature profile in Figtftat the rate of increase of temperature
decreases with polishing time. After some time of polishinigeeithe temperature value or the rate of
increase of temperature becomes constant. According to #hate [44], the heat generated during
polishing process is transferred into the pad where it rebefese being transferred to the slurry. The
pad accumulates more thermal energy than it loses during i@ jiase of polishing. As the
temperature of the pad increases, the temperature diffebetaeen the slurry and the pad increases
which increases the rate of heat flow by the slurry. The pagdaeture reaches a steady state when the
flow rate of energy input in the pad due to polishing actiomjisgkto the flow rate of energy dissipated

by the slurry.
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Fig. 5-1: Atypical temperature profile observed during the polishing experiment
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Fig. 5-2: Temperature profiles observed by Sampurno et al. [43]
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Fig. 5-3: Temperature profiles for polishing experiments with different amounts of durry

The amount of slurry over the wafer influences the net temperase and the time in which the
temperature profile stabilizes in a polishing experiment. Bi§ shows the temperature profiles for
polishing experiments with the same polishing conditions apart fromutirg ptesent in the tank. For the
experiment in which lesser slurry (20 ml) was used showglaehitemperature rise and more time is
taken for temperature stabilization. For the experiment in whiate slurry (700ml) is used, temperature
stabilizes to nearly a constant value in lesser time andeahése in temperature is also lesser. Higher

amount of slurry dissipates more heat and achieves a thermal equililariym e

Increase in the load applied on the wafer by the pad anelttéeve velocity or RPM of the pad
and the wafer show increase in the value of temperatseeduring polishing. Fig. 5-4 shows two
temperature profiles for polishing experiments under the gatighing conditions except the pad RPM.
For higher pad RPM of 200, the temperature of the pad raimed20°C to around 25.5°C in 6 minutes
of polishing compared to 23°C for 30 RPM of pad. Fig. 5-5 shows two tetope profiles for a

polishing experiment under same polishing conditions except the pgpdieédhon the wafer by the pad.
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For higher load of 45Ibs the temperature of the pad raised toiB® @inutes of polishing compared to

26.5°C for 10lbs of load.
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Fig. 5-5: Higher temperature rise observed for higher load
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5.2: Relation of temperature rise with product of pressure and velocityPV)

Fig. 5-6 shows the temperature profiles for a set of expetenfollowing a 3x3 Design of
Experiments (DOE) in which three values of pad RPM and thmbees of load were taken as variable
experimental conditions. The experimental conditions for thelgsadre given in Table 5-1. It can be
observed in Fig. 5-6, the temperature profiles for the polistinglitions with lower PV (product of load
and RPM here) values have lower temperature rise values emdersa. The temperature raised to
around 30°C for polishing condition | (highest load and RPM) comptred2.5°C for polishing
condition A (lowest load and RPM). The temperature rise valug®iprofiles are in accordance with the
product of pad RPM and load. The product of pad RPM and load reptiesanechanical power input
which is converted into frictional heat. Higher value of PV ieglimore frictional heat and thus more

temperature rise.

Table 5-1: Polishing conditions for the 3x3 DOE

Profile RPM Load (Ib)
(A) 200 15
(B) 200 225
(C) 200 30
(D) 300 15
(E) 300 225
(F) 300 30
(G) 400 15
(H) 400 225
(1) 400 30
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Fig. 5-6: Temperature profiles for the polishing experiments following the 3x3 DOE.

RPM Load(lbs)

Fig. 5-7: 3D plot of the temperature rise, RPM, and load.
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Fig. 5-7 is a 3D plot of temperature rise, load and RPMHersame experimental conditions
given in Table 5-1.The plot has resemblance with Fig. 2-7 lwkiows the 3D plot of temperature,
pressure and platen speed for the experiments conductedebglL[21]. Both of the figures show that
temperature values increase with the increase in load/peeand velocity/RPM. Highest temperature
rise is corresponding to the condition where both load and RENharhighest and lowest temperature

rise is for the condition having least values of both load and RPM.

Fig. 5-8 shows the plot of temperature rise vs. the produdbaaf and pad RPM for the
experimental conditions given in Table 5-1. It can be observedhhatmperature rise values are linear
with the product of load and pad RPM. The plot resemblels ®ilg. 2-6 which is discussed in the

Literature review chapter.

11

10—~

Temperature rise (C)

00 4000 5000 6000 7000 8000 9000 10000 11000 12000
Load X Pad RPM

Fig. 5-8: Variations of temperature rise with the product of load and RPM
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5.3: Multi stage polishing temperature profiles

Figs. 5-9 (a), (b), and (c) show the temperature profiles amdga®RR values for a three stage
polishing experiments. The polishing condition was changed from coamsaval of material (by
selecting harder pad, higher load, and lesser relative tgldoi finer material removal (by selecting
softer pad, lesser load, and higher velocity). The mildneg@olishing action in the subsequent stages
is evident from the decrease in the value of temperatseearid MRR for the stages. The average MRR
decreases from 0.53 mg/min to 0.5 mg/min and further to 0.48 mg/miheirthtee stages. The

temperature rise during 12 min of polishing decreased from@2&b30.5°C and further to 29°C in the

three stages.

Stage 1, MRR 0.53 mg/min
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Fig. 5-9: Temperature profiles and MRR values corresponding to (a) stage 1 (b) stage 2 (c) stage 3in
a multistage polishing experiment
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5.4: Decrease in MRR and temperature rise along with polishing time

Fig. 5-10 shows the temperature profile and material rem@kaés in 2 minute durations for a
polishing experiment. It can be observed that both material remaovktemperature rise have higher
values in the first two minutes of polishing (3.2 mg and 4.5t€spectively) compared to the next 2
minutes of polishing (1.3 mg and 1.5°C, respectively ) and so onintiésites a relationship between
the material removal and temperature rise in the polishing ggodéis relationship is investigated in

depth in the next chapter.
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Fig. 5-10: Material removal and temperature rise decreasing with time in a polishing experiment
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Chapter 6: Process modeling using response surfaaaalysis

Four types of regression models are analyzed which are basedexpéhnienental conditions and

the temperature sensor data.

Model 1: Response variable is MRR and the predictor variaskeshe process parameters only which
comprise of load, relative velocity, and slurry concentrafitntss model shows the predictability of MRR

from the process parameters only.

Model 2: Response variable is MRR and the predictor vasallre the process parameters and
temperature rise rate. This model shows the importancesropdrature rise rate to enhance the

predictability of MRR.

Model 3: Response variable is the ratio of MRR and temperaise and predictor variables are the
process parameters, pad wear factor, and their two way im@sacthis model shows the contribution of

pad wear factor and two way interaction terms to increase the pleldiciaf MRR.

Model 4: Response variable is the ratio of temperatureanseMRR and predictor variables are the
process parameters and pad wear factor. Apart from predictingRRefor new and worn pad with more
accuracy, the model has physical interpretation to expéaitorfs influencing the temperature rise and

MRR.

Polishing experiments using copper wafer samples were condorctadBuehler Automet 250
polishing machine following an L8 Taguchi design. The design of expetsrconstituted 8 runs. Each
run had fixed values of the variables, namely, load, relativecitg] and slurry concentration. Every run

constituted 4 polishing experiments in which the samples peliished under the same conditions for
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different amounts of time. Each experiment was repeated. Temngerate and material removal values
were obtained for all the experiments. The conditions and procemtuifee set of experiments are given
in section 4.7. It was found from the experimental resultsttigatemperature rise observed in the wafer
during polishing had correlation with the material removeat. €&ach run, the temperature rise in the
wafer and the material removal values were found to be linear with téspech other. Fig. 6-1 shows a

scatter plot of temperature rise and material removed valu#dsefgolishing experiments.
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Fig. 6-1: Plot of material removed and corresponding temperature rise under various polishing
conditions

Response surface analysis models which correlate MRR witpetatare rise and process

parameters are discussed in detail in the following sections.
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6.1: Model 1: Regression model for the prediction of MRR from tke process
parameters only

MRR is fitted against the process parameters which argy glancentration, load, and relative
velocity. The model shows the predictability of MRR solelgnirthe process parameters. Table 6-1

shows the predictor variables in the model and their p values.

Table 6-1: Regression model of MRR as the response variable ardppazameters as the predictor
variables (R=51.7%, R adjusted = 49.8%)

Predictors P value
Slurry concentration (C) 0.0008
Load (L) 0.0041
Relative velocity (V) 0

MRR = 1.71*C + 0.14*L + 0.91*V — 1.49

The low value of Rin the model suggests that MRR has a poor predictabilityusihg process

parameters as the predictor variables.

6.2: Model 2: Regression model for prediction of MRR from process pameters
and temperature rise rate

MRR is fitted against temperature rise rate and propesameters, namely, load, relative
velocity, and slurry concentration. 80% of the total experimestiaérvation points were used to make
this regression model and the rest 20% points were used foetifieation of the model. Table 6-2

shows the results of the response surface analysis along with p feslthespredictor variables.
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Table 6-2: Regression model of MRR with temperature rigeanadl process parameters
(R?= 73.5%, R aguste= 72.1%)

Predictors P value
Slurry concentration (C) 0.0599
Load (L) 0.0146
Relative velocity (V) 0.0001
Temperature rise rate (Tr) 0

MRR = 0.21*Tr + 0.73*C - 0.12*L + 0.43*V + 1.10&t

This model has higher’Rind thus higher accuracy for prediction of MRR as compared to model
1. This model shows the importance of temperature rise ritesvep enhance the predictability of MRR

in polishing process. Hekeis the white noise sequence.

6.3: Model 3: Regression model for prediction of MRR/Temperature rise fsm
process parameters, pad wear factor and their two way interactions

MRRI/AT is fitted against load, relative velocity, slurry concatitm, pad wear factor, and their
two way interactions. 80% of the total experimental obsemagtioints (66 data points) were used to
make this regression model and the rest 20% points (16 data)psere used for the verification of the
model. Table 6-3 shows the results of the response surfagsiarebng with p values for the predictor

variables.
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Table 6-3: Regression model of ratio of MRR and temperature ribgwicess parameters, pad wear
factor, and their two way interactions
(R*=82.1%, R aguste™ 79.3%)

Predictors P value
Slurry Concentration (C) 0.040
Load (L) 0.029
Velocity (V) 0.017
Pad wear factor ( Pw) 0.000
Pw*Pw 0.000
C*L 0.037
c*Vv 0.251
C*Pw 0.013
L*V 0.416
L*Pw 0.003
V*Pw 0.035

MRR/AT = 0.04*C + 0.04*V - 0.04*L - 0.36* Pw + 0.37Pw*Pw - 0.03C*L - 0.02 C*V - 0.1 C*Py -
0.01L*V +0.12 L*Pw - 0.08 V*Pw + 1.61%¢

This model shows higher?Rand thus higher predictability of MRR as compared to previoas tw
models. This model shows the importance of pad wear factor and thveavoteraction terms between
pad wear factor and process parameters to enhance the pigictddMRR in polishing process.
However, there are too many interaction terms in the modelkeTisea need for more physically
motivated model which could enhance predictability of MRR.

81



6.4: Model 4: Regression model for prediction of Temperature rise/MR from
process parameters and pad wear factor

Ratio of temperature rise and material removal raf€/NRR) was fitted against process
parameters, namely, load, relative velocity, and slurry concemttatio pad wear factor. Table 6-4 shows

the results of the regression fit and the p values of the prediciabies.

Table 6-4: Regression model of ratio of temperature rise and MRRslitry concentration, load,
relative velocity and pad wear factor@R87.7%, Ragused 86.9%)

Predictors P value
Concentration (C) 0.0003
Load (L) 0.0001
Velocity (V) 0
Pad wear factor ( Pw) 0

AT/MRR = 3.86*Pw - 0.23*V + 0.08*L - 0.81* C + 1.96¢+

This can be also written as:

MRR =AT (3.86*Pw - 0.23*V + 0.08*L - 0.81* C + 1.968)

6.4.1: Physical significance of the model

Apart from being a regression fit with good Walue and thus good predictability, the model also
has physical significance and provides experimental verificatianphysical term related to MRR and

temperature which is deduced from previous research work. This isnedplbeelow:
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This equation given by Ldt al. [21] explains the heat entering the wafer during polishing. kigiethe
conductivity of the wafer, yis the coefficient of frictiony,, is the heat partitioning fraction, p is the load,
V is the relative velocity, \J is temperature of the wafer,shs the heat transfer coefficient between
slurry and wafer andglis the temperature of slurry.

Under steady state condition this equation simplifies to:

ATy =vw W xw (PV)

Also, Preston’s equation is MRR = KPV where K is Preston’s aohst

Using these two equations we obtAlYMRR =v,, i/ K «y = ¢

The factore is a function of heat partitioning fraction, coefficient fdttion, and Preston’s constant
which themselves depend on various factors. Heat partitionadidn primarily depends upon the
velocity, coefficient of friction is related to pad surfamadition and normal load, and Preston’s constant
is a combination of various factors including pad surface properties and almragieeties. Other factors,
such as slurry flow rate, material of the wafer and the pemtmial and dimensional properties of the
wafer and pad were not changed during experimentation and weeeaminted. The model gives an
expression forp as a function of velocity, load, pad condition and abrasive conadentrahich is
obtained experimentally. This further explains thatMRR is not a linear term. Rather the value of

AT/MRR depends upon some variables. The roles of these variablgisen in the following section.

Velocity: As shown in the equation for the model in Table 6-4, velasitinversely related to the

temperature rise. This may be explained by the concept opadaioning in the polishing process. Heat
partitioning is described in the literature review chagtkeat partitioning factor refers to the fraction of
heat flowing into the wafer from the total heat generatechdyolishing. The mathematical term of heat
partitioning factor comprises of sliding velocity along withdpand wafer properties. Thus, if the

material properties are fixed, heat partitioning is solégpendent on the sliding velocity. Heat
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partitioning fraction is inversely related to the square rdahe sliding velocity. Increase in velocity
would decrease the heat transferred to the wafer and thusrtpersgure rise in it. Also, higher sliding
velocity would result in more convective cooling of the wafed ahus lowers the temperature rise

compared to expected values [21].

Load: As shown in the equation for the model in Table 6-4 ARMRR value increase with increase in
load. The reason for this is the increase in the pad contacwvihethe increase in the load. When the
normal load at the pad wafer interface increases, more padtiaspae pressed to come in contact with
wafer. As shown in the Literature Review Section 2.5, the @seren the load on the pad increases the
contact area and the pad bends around the abrasive particlessah® wafer. This region of the pad
rubs against the wafer and generates heat which is not dugetdgain@moval. There is a decrease in the
force on the abrasive particles due to increase in the amsmiaict which decreases the MRR compared

to the expected values [22]. This overall implies an increafeAT/MRR term.

Concentration: There is an inverse relation betweelWMRR and slurry concentration (C) shown in the
equation for the model in Table 6-4. As explained by Luo and Dornfeld M#3R is directly related to
the number of active abrasive particles or the slurry concentration.

MRR =p NV Wherep is the density of copper, N is the number of active abrasive padiutk¥ is the
volume removed by each abrasive patrticle.

This implies that increase in the slurry concentration would aseréhe MRR and thus decrea3éMRR

term.

Pad wear factor This is a factor incorporated in the model which sigsifthe observed pad wear
condition for each polishing experiment. The value of the pad faetor is based on fuzzy logic. Fuzzy
logic is a type of multi valued logic which deals with reasgrwhich is approximate rather than precise.
It has truth values lying between 0 and 1, just like binary lbgicthe values are more than two. The
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values of pad wear factor were taken as 0, 0.2, 0.4, 0.6, 0.8, and 1mépgetbee pad condition as new,
fresh, good condition, intermediate, nearly bad and bad, resggctiVable 6-5 tabulates the pad
conditions along with values of corresponding pad wear factoesaFig. 6-2 shows the pad images
corresponding to the pad condition and pad wear factor values.

Increase in the pad wear factor corresponds to the increase in tiwegrad his would result in a
decrease in the MRR as explained in section 2.8. This in towtdvincrease thaT/MRR term. It can be
noted from Fig. 6-1 that the data points corresponding to polishm@fr%.7 m/sec, 10Ib, and slurry
concentration of 1:3 at higher temperature values are matiersd. This can be attributed to high wear

in the pad which was observed after the polishing. The pad waswoonethan expected and thus the

value of the pad wear factor was taken higher accordingly.

Table 6-5: Pad conditions and corresponding pad wear factor values

Pad condition Pad wear factor (Pw)
New 0
Fresh 0.2
Good condition 0.4
Intermediate 0.6
Nearly bad 0.8
Bad 1
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New pad, Pw = 0, Fibers equally arranged

Fresh pad, Pw = 0.2, Fibers equally arranged, nap can be observed
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Good condition pad, Pw = 0.4, Fibers squashed, nap can be observed

Intermediate pad, Pw = 0.6, Fibers getting directional, nap decreased
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Nearly bad pad, Pw = 0.8, Fibers highly directional, nap almost gone

Bad pad, Pw = 1, Fibers severely pulled directionally, nap gone

Fig. 6-2: Pad images corresponding to the pad wear factor and pad conditions
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6.4.2: Using the model

The model can be used to predict the average MRR during thikipglisith a new pad and also

when the initial condition of the pad is worn.

For a new pad: The model can be used to predict the MRR for any polishing experivigch was
included in the set of experiments conducted. From the total 82imeméal observation points, 66
points were used to build the model and 16 points were usedriticat®on. Fig. 6-3 shows the observed

and predicted values of the MRR for verification experimental points.
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Fig. 6-3: Plot of MRR observed and MRR predicted by model for the verification points
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For old/worn pad: The model can be used to calculate the MRR when the initradition of pad is

worn. As discussed in the Literature Review chapter, MR&edses with the pad wear. Thus, the
average MRR for a same polishing experiment would be lowen whegorn pad is used instead of new
pad for polishing. The starting pad condition is assigned a padfaear on the basis of observation.
After polishing with the pad, the pad is assigned a pad wetnr fearresponding to the pad condition.
The average of the two pad wear factors is then used in the squation (model 4) to calculate the

MRR.
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Chapter 7: Conclusions and Future Work

Process monitoring and control is important for obtaining desigatdcess output. The output or
performance parameters (MRR here) are dependent on theparpmeters (machine settings, properties
of consumables, etc). A relationship between the performance@@raas a function of input parameters
can facilitate in predicting and thereby controlling the peréoroe parameters. To find such a
relationship, copper polishing experiments, based on L8 Taguchi desgn,conducted on a Buehler
Automet 250 polishing machine. MRR was the output parametée \alaid, relative velocity, and slurry
concentration were taken as the input parameters. A regressiaei was developed for the prediction of
MRR from the input parameters. The relationship had a low gigdality (R2 = 51.7%, R adjusted =

49.8%) indicating that the input parameters were not sufficient to pteditMRR.

A temperature sensor was attached behind the copper waferesemplonitor the pad-wafer
interface temperature during the set of experiments. Teropenase in the wafer is related to the heat
generated during polishing which is directly related to ttegenml removal. The temperature sensor
measured one of the process output parameter (temperature risevafeéhenhich was closely related to
the desired performance parameter (MRR) and thus helped dictptee MRR by incorporating
temperature in the relationship of MRR and input parameterseghession model was made for
prediction of MRR from the input parameters and temperatureatseralues. Increase in the accuracy of
regression fit (IgQ: 73.5%, F%adjusted: 72.1%) shows the contribution of temperature rise rate vatues

enhancing the predictability of MRR as compared to the input paranuetier

A regression model was made having ratio of MRR and temperasa; namely, MRRVT as

the response variable and load, relative velocity, slurry coratiemt, pad wear factor, and their two way
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interactions as the predictor variables. Increase in theamcof regression fit (= 82.1%, F%ad,-usted:
79.3%) shows the contribution of pad wear factor and the interactios terenhancing the predictability

of MRR.

A regression model was made taking the ratio of temperatgdrriwafer and MRR, namely,
AT/MRR as the response variable and load, relative vel@tigry concentration and pad wear factor as
predictor variables. The model can predict MRR with high iptability (R*= 87.7%, Raguse= 86.9%)
for new as well as for worn pad used at the start of polishithe term oAT/MRR was deduced as a
function of velocity, load, pad condition and abrasive concentratwn frell established mathematical
relations. This model represents the deduced function/relationetweenAT/MRR and velocity, load,
pad wear factor, and abrasive concentration for the applieof ssfperimental conditions. The model
explains the effect of load, relative velocity, slurry concgian and pad wear on the slope of relation
betweenAT and MRR. Increase in the load increases the areanthatobetween pad and wafer. This
decreases the force on the abrasives and a lower than expdR®Rds observed, hence, increasing
AT/MRR term. Increase in the relative velocity increabesconvective cooling of wafer. This decreases
the AT value, thereby, decreasing t#d/MRR term. Increase in concentration of abrasive slurry
increases MRR, hence, decreasesAhdMRR term. As MRR decreases with pad wear, increase in the

pad wear factor decreases MRR, hence, increasinglith@RR term.

Similar to the models proposed here, models incorporating mpu¢ parameters, such as the
slurry flow rate, abrasive size, pad and, abrasive types aldhga bigger set of experimentation can

provide a relationship of MRR with a wider scope.

The model proposed here can be extended for more sophisticatedzpignaachines where the
radial variation of temperature in the pad and wafer can beurexh through multiple temperature

sensors and thus can account the variation of MRR in the wafer radially.
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Surface roughness of the wafer can be modeled on a more sapbistdanarizing machine.

WIWNU and WTWNU can also be accounted.
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Appendix

The figures show the temperature profiles and the tables eatentbe temperature rise and

material removed values corresponding to the polishing experimentssgidénsection 4.6.
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Run 2 (5.7m/sec, 10lbs, 1:5 slurry ratio)
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Run 3 (5.7 m/sec, 5lbs, 1:3 slurry ratio)
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Run 4 (5.7m/sec, 5Ibs, 1:5 slurry ratio)
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Run 5 (3.7m/sec, 10Ibs, 1:3 slurry ratio)
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Run 6 (3.7m/sec, 10lbs, 1:5 slurry ratio)
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Run 7 (3.7m/sec, 5lbs, 1:3 slurry ratio)
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Run 8 (3..7m/sec, 5Ibs, 1.5 slurry ratio)
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