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NOMENCLATURE 

a = inter-atomic distance  
A = Arrhenius pre-exponential constant for copper oxide-complexing 

agent 
cp = constant for mechanical removal step (Step 2) in CMP  
C = aqueous concentration 
CA = aqueous concentration of complexing agent (Chapter 6) 
CAS = concentration of complexing agent at the byproduct film-slurry 

interface (Chapter 6) 
COF = coefficient of friction 
d = wafer diameter 
D = diffusivity of a species (assumed to be copper complexing agent in 

Section 6.4) 
E = applied potential (V) 
E = electric field developed across an oxide film of thickness x, V/x 

(Chapter 6) 
Ea = modified activation energy of copper oxide-complexing agent 

reaction (Chapter 6) 
F = mean shear force 
F(t) = fluctuating component of Fshear(t) 
Fnormal = normal force 
Fshear = shear force 
Fshear(t) = measured unidirectional shear force as f(t) 
hox = initial thickness of copper oxide grown as measured by ellipsometer  
Hi = Henry’s constant 
k = Boltzmann’s constant  

1k
)

= first order rate constant of copper passivation layer formation 
k1 = 1k

)
 multiplied by the oxidant concentration assuming oxidant is in 

excess 
k2 = rate constant of mechanical passivation layer removal 
k2* = rate constant of copper passivation layer removal including removal 

through chemical dissolution and mechanical means 

3k
)

= first order rate constant of dissolution of copper passivation layer 

k3 = 3k
)

 multiplied by the complexing agent concentration assuming the 
complexing agent is in excess 

kPr = Preston’s constant 
mB = mass of reaction byproduct gained (Chapter 6) 
mC = mass of copper oxide at any time t (Chapter 6) 
mcui = initial mass of copper (Cu0) 
mf = final wafer mass 
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NOMENCLATURE - Continued 
 
mfilm = mass of film grown 
mfilm(asCu) = mass of film grown as copper 
mi = initial wafer mass 
mS = mass of un-reacted wafer stack 
mwi = initial mass of oxidized wafer  
mΧ = mass of copper oxide at t = 0  
MW = molecular weight 
nA = mols of complexing agent  
nB = mols of copper oxide  
N = molar flux (mols area-1 time-1) (Section 6.4) 
N = number of cations per unit area (Sections 6.3 and 6.5) 
NA = molar flux (mol area-1 time-1) of complexing agent at any x   (Section 

6.4) 
NAC = molar flux (mol area-1 time-1) of complexing agent at the copper 

oxide-byproduct film reaction surface (Section 6.4) 
NAS = molar flux (mol area-1 time-1) of complexing agent at the slurry-

byproduct film interface (Section 6.4) 
p = probability of ionic movement per unit time  
P = applied wafer pressure 
Pi = partial pressure of species i 
q = proton charge, 1.6 x 10-19 C  
R1 = rate of copper passivation layer formation 
R2 = mechanical rate of copper passivation layer removal 
R2* = rate of copper passivation layer including removal through chemical 

dissolution and mechanical processes 
R3 = rate of chemical dissolution of the copper passivation layer 
Ra = pad surface roughness 
RR = material removal rate (length time-1) 
RRo = material RR in the absence of P and U, also referred to as static 

etch rate 
So = Sommerfeld number 
T = absolute temperature  
T0 = initial pad thickness 
T1 = final pad thickness under an applied load 
Tfilm = calculated thickness of film grown, as measured by mass 
Tp = pad leading edge temperature measured real-time with IR camera  
U = energy of solution of an ion in an oxide film (Chapter 6) 
U = relative platen-wafer velocity 
U’ = energy required for movement of and ion across the oxide film 

(Chapter 6) 
vm,i = molar volume of species i 
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NOMENCLATURE - Continued 
 
V = potential difference across oxide film (in volts)  
VC = volume of copper oxide at any time t  
W = total potential barrier against ionic movement across an oxide film,  

U + U’ (Chapter 6)  
x = oxide thickness  
xchar = characteristic oxide thickness formed during CMP  
XB = fractional conversion of copper oxide  
XC = thickness of copper oxide at any time, t  
 
α = area of pad up-features / area of a flat pad 
β = slope of linear k2* as f(PxU) trend 
Χ = thickness of copper oxide at t = 0 
δ = effective slurry thickness in pad-wafer region 
δgroove = pad groove depth 
ε = inverse of molar volume, MW/ρ 
η = modified pad compressibility 
µ = slurry viscosity 
µB = proportionality constant of ionic drift velocity and the applied electric 

field, also known as ionic mobility  
µK = COF  
ν = drift velocity of an ionic species  
θ = fraction of occupied sites on the copper wafer surface available for 

oxidation 
ρ = density (g mol-1) 
ρB = density of film etched  
ρfilm = density of film, taken to be CuO 
τ = time required to etch all copper oxide 
Ω= volume of oxide formed per cation 
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ABSTRACT 

 The novel consumables studied were abrasive-free copper CMP slurries and high-

pressure micro jet technology as an alternative to diamond pad conditioning.  Abrasive-

free slurries were found to be effective in copper removal and were shown to demonstrate 

similar removal rate and coefficient of friction (COF) trends as conventional abrasive 

slurry CMP, while possibly decreasing wafer defects.  Fundamental information from the 

friction spectrum indicated that the periodicity of the cyclic passivation layer formation 

and removal in copper CMP may be on the order of 10 milliseconds.  HPMJ technology 

was found to be a possible alternative to diamond conditioning with some decrease in 

removal rate. 

A controlled atmosphere polishing (CAP) system was used and demonstrated that 

gaseous additives can feasibly be introduced real-time during a polish.  Addition of 

complexing agents were found to increase removal rates, however it was found that direct 

etching of copper oxide on the copper surface was not the primary mechanism 

responsible for removal rate increases during CMP with low oxidant concentrations.  

Alternatively, it was found that direct etching of the copper oxide is significant in 

systems containing much higher oxidant concentrations, 1 wt% hydrogen peroxide for 

example.  It was for this reason that a third removal step, chemical dissolution, was added 

to the two-step removal rate model. 

 The remainder of the work in this dissertation was concerned with characterizing 

and modeling the copper oxidation and copper oxide dissolution steps of the three-step 
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model separately and applying the appropriate expressions into the CMP removal rate 

model.  The copper oxidation process was found to demonstrate oxide growth, or 

passivation behavior, at pH of 5 and higher.  The oxide growth process was governed by 

oxidized copper migration through the oxide film.  The copper oxide dissolution process 

was controlled by dissolution of the complexing agent through a dissolution byproduct 

film.  These steps were characterized and applied to the three-step removal rate and 

predicted removal rate data quite well with one fitting parameter that varied within one 

order of magnitude.  Two real-time experimental measurements, COF and leading pad 

temperature, can be input into the model to predict removal rates during a polish.            
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CHAPTER 1 – INTRODUCTION 

1.1.  CMP Introduction 

 The goal of this dissertation is to explore alternative chemical mechanical 

planarization (CMP) technologies.  Therefore, the focus of this section is to describe the 

need for CMP in integrated circuit (IC) manufacturing and how the major industrial 

trends affect CMP technologies.  Before discussing exactly why CMP is needed, it is 

important to have a basic understanding of how an IC, commonly referred to as a chip, 

works.  Figure 1.1.1 shows a general representation of modern IC.  

  

spacer
gate oxide polysilicon gate

isolation

source drain

silicon

copper conductor (8 layers)

copper plug

tungsten
plug

inter-layer
dielectric

 

Figure 1.1.1:  General IC representation (after Philipossian, 2003). 
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The representation on the left represents a thin cross-section of an IC, while the right 

depicts the details at the transistor level.  All of the IC’s ‘work’ is accomplished at the 

transistor level; this is where the flow of electrons from the source to the drain is 

constantly turned on and off by an applied voltage to the gate electrode.  These closed 

and open circuits correspond to the digital 0 and 1 states commonly referred to in IC 

operation.  When a voltage is applied to the gate, current is allowed flow under the gate 

from the source to the drain, completing the circuit.  As represented in Figure 1.1.1, 

transistors are connected to conducing plugs and interconnects, and these conductors 

connect the transistors at different locations on the wafer surface together creating 

complex circuits.  The representation in Figure 1.1.1 is only for a thin slice of a chip, so it 

can be imagined that a transistor in one location on the chip may be connected to another 

transistor in completely different location on the chip.  It is for this reason that there are 

multiple conducting layers above the transistors.  Figure 1.1.2 is an actual SEM image of 

an IC cross-section. 
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CDO
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Figure 1.1.2:  Cross-section of an IC (Source:  Intel Corporation).      

 

The figure shows three white transistors at the bottom. Two of these transistors are 

connected to copper lines on the 6th metal layer and are therefore connected to additional 

transistors in a different location on the chip.  The third transistor is connected to a 

copper line on the first metal layer and is connected to other nearby transistors.  CDO 

represents a carbon-doped oxide insulating layer between the copper interconnects and 

plugs.  Thus far, a ‘first-order’ description of how an IC operates and the need for 
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multiple layers have been discussed.  Therefore, it is important to demonstrate how CMP 

plays a role in the process. 

 Both Figures 1.1.1-2 illustrate that each separate layer, from the transistor level to 

the highest conducting layer is flat.  This planarity allows copper lines to be created with 

a uniform thickness within a layer as well as a uniform width of insulating material 

between lines.  Therefore is it imperative that each layer maintains this planarity, as one 

non-planar layer affects the planarity of all layers above it.  The major problem is that 

these layers do not originate as planar surfaces.  Figure 1.1.3 shows a typical surface after 

copper deposition using electroplating or deposition. 

Cu

SiO2  

Figure 1.1.3:  Typical non-planar surface after copper deposition.   

 

This diagram would represent one of the layers in Figures 1.1.1-2.  A planar SiO2 

insulating surface can be etched using photolithographic techniques to produce the 

surface shown in Figure 1.1.3.  The planar SiO2 surface results from a CMP process 

similar to the process described here for copper.  Copper is then blanket deposited on the 

etched SiO2 surface in both the recessed areas as well as on the up – features.  This non – 
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uniform deposition results in the non-planar surface depicted in Figure 1.1.3, which is 

quite different from the planar layers shown in Figures 1.1.1-2.  This is where the CMP 

process is used. 

 The CMP process is a technique used to achieve local (µm scale) and global (mm 

scale) surface planarization of IC structures through the combined action of chemical and 

mechanical means.  This is a broad but accurate definition of the CMP process.  A 

generalized representation of the CMP process is shown in Figure 1.1.4. 

WaferPad

Slurry

WaferPad

Slurry

P (PSI)

U 
(RPM) U 

(RPM)
 

Figure 1.1.4:  General representation of the CMP process using a rotary polisher. 

 

The wafer, which has a non-planar surface, is placed face down on a CMP pad.  Both the 

wafer and the pad are rotated, either at the same or different velocities, and a chemically-
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active slurry solution containing nano-sized abrasive particles is transferred to the pad 

center.  Force is applied to the wafer on the pad surface resulting in an applied wafer 

pressure.  The applied wafer and the relative pad-wafer velocity are the two adjustable 

operating parameters of the process and it is intuitive that higher forces applied to the 

wafer and faster rotation of the wafer and pad yield higher removal of the substrate, 

similar to sanding a piece of wood with abrasive sandpaper.  Many details are omitted in 

this simplified description that will be described later, however the features highlighted 

here are sufficient to generally describe the CMP process.  

 The general operation and features of an IC as well as the role CMP plays in IC 

manufacturing have been described.  However it important to understand the demands 

that the semiconductor industry strive to meet and how these demands affect CMP.  As 

previously mentioned, IC’s are manufactured on round wafers consisting of a many chips 

(i.e. die) as shown in Figure 1.1.5.  After processing is complete, each wafer is cut into 

many individual die, which are packaged and sold. 
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Figure 1.1.5:  Typical wafer consisting of many die. 

   

Using this method to manufacture chips shows that processing only one wafer produces 

many functioning die.  So, as computers and other devices require higher memory 

capacity and higher processing speeds, the die must become more complex.  This is 

primarily due to the fact even though the market demands faster chips, it does not want 

those chips to be larger because they would not fit into the products, the size of which 

continuously decrease, which require them:  laptops, mp3 players, cellular phones, etc.  

The ultimate challenge then becomes to make faster chips with smaller physical 

dimensions. 

 This challenge that drives the industry is repeatedly referred to as Moore’s Law, 

referring to a prediction that Gordon Moore of Intel Corporation made in 1970 after 

observing the trend during the first few years of IC manufacturing that the number of 
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transistors per chip would roughly double every 18 to 24 months.  This prediction has 

more or less held for over 40 years and is captured in Figure 1.1.6, which depicts the 

number of transistors per die for the last half century. 
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Figure 1.1.6:  Number of transistors per die since 1960 (after Chang et al., 1996).      
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For this trend to hold as it has, it requires that all of the components shown in Figure 

1.1.1 must continuously shrink while the number of conducting layers must increase.  

This means that the widths of the gates, conductor lines, and insulators all must decrease 

in order to fit more transistors on each die.  The traditional indicator of these shrinking 

dimensions is known as the technology node width, referring to the minimum feature 

size, and 45 nm technology node ICs are being manufactured today.  In addition to the 

increased demand of performance of each chip is the increased demand for the number of 

chips.  This challenge has forced IC manufacturers to move to larger wafer diameters, up 

to 300 mm are manufactured today, so as to produce more die per wafer to meet the 

increasing demand.  Using these larger wafers brings many additional challenges with 

respect to tools and processing methods, but also dramatically increases the cost of 

defective wafers.  As all of the components of modern ICs decrease in size, except the 

cost of defective products, so does the margin of error of each of the many processing 

steps required.  For CMP, this means that a layer determined to be ‘flat’ by specifications 

10 years ago may be determined to be critically defective by modern planarization 

standards. 

1.2.  Modern CMP Challenges 

 It is clear that as the dimensions of ICs decrease, the challenges associated with 

each IC manufacturing step dramatically increase.  The goal of Section 1.2 is to highlight 

some of the key challenges associated with CMP in modern IC manufacturing.  It is in 
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hopes of alleviating some of these challenges that the alternative planarization techniques 

and modeling efforts in this dissertation are explored. 

1.2.1.  Local vs. Global Planarity 

 Figure 1.1.3 depicts a non -planar copper surface after deposition.  As the surface 

is polished, the non – planarity is reduced, however CMP uses semi -rigid pads.  Soft pad 

are not ideal for bulk removal, because they fully conform to the topography of the non – 

planar surface and polish the low – lying regions as well as polishing the high regions.  A 

completely rigid pad is also undesirable because it would have a higher probability of 

inducing defects.  These semi-rigid pads slightly conform to the topography meaning that 

as the step height of the topography is decreased, the low and high regions will both be 

planarized.  Figure 1.2.1 depicts this process and shows that step height refers to the 

difference in height of the low and high regions. 

 

Figure 1.2.1:  Step height and local planarity (Source:  D. Boning). 
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Once the step height, ho, is equal to zero, the surface is determined to be locally 

planarized.  If the wafer surface to be polished, consisted of uniform conducting line and 

insulator widths, achieving local planarity using CMP would be sufficient.  However, this 

is not the case and the pattern density across a given die is not consistent.  A depiction 

more accurately representing reality is shown in Figure 1.2.2. 

Low Density Medium Density High Density
 

 

Figure 1.2.2:  Local and global planarity (Source:  D. Boning). 

 

Low, medium, and high pattern density regions exist on a non- planar wafer surface and 

during CMP the differences in polishing rates of these regions results in global non-

planarity.  So it is imperative to choose pad materials that conform to topography to an 
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extent sufficient to minimize global non-planarity, while being rigid enough to achieve 

local planarization within a given die.   

1.2.2.  Dishing and Erosion 

 Two of the most detrimental effects that can occur during CMP as IC geometries 

decrease are dishing and erosion.  Figure 1.2.3 illustrates the difference between dishing 

and erosion. 

dishing

erosion

Cu

SiO2

 

Figure 1.2.3:  Dishing and erosion. 

 

Dishing is referred to loss of material in the conducting line, here shown as a copper line.  

Erosion is defined as the recession of both the inter-layer dielectric, SiO2, and the inlaid 

conducting material.  In reality these figures are simplified, because a thin layer of barrier 

material exists, tantalum nitride is often used, between the copper and inter-layer 

dielectric (ILD) to prevent copper diffusion.  For erosion of the ILD to occur, the CMP 
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process must polish completely through this barrier layer into the SiO2.  The tendency for 

ILD erosion to occur is a strong function of pH, as the dissolution rate of SiO2 increases 

with increasing pH.  Dishing can be caused by direct corrosion of the copper line.  This 

process can occur at low pH with inadequate corrosion inhibitors or at near-neutral to 

high pH with over-aggressive complexing agents in the slurry.  Both dishing and erosion 

are considered critical defects, which must be corrected before the wafer can continue 

being processed.  The process of ‘correcting’ a defective wafer is known as re-work and 

requires the wafer be polished down to the last planar layer and re-processed.       

1.2.3.  Other Defects 

 Defects including dishing and erosion have been mentioned, but a number of 

additional critical defects exist.  A few of the common defects that arise from CMP are 

shown in Figure 1.2.4.   

Embedded
Particle

Micro-
scratch DishingRipout

Residual
Slurry

Surface
Particle

 

Figure 1.2.5:  CMP defects. 

 

Depending on the severity of the defect, many of the defects shown in Figure 1.2.5 can 

require wafer re-working.  It is also noteworthy to examine the source of the defects.  All 

of the defects shown seem in some way to be related to mechanical problems, which 
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could include foreign objects in the system, large defect-causing abrasive particles, 

defective pad, etc.  Dishing is related to the slurry chemistry, although mechanics can 

also play a role.  The source of defects being mechanical in nature has caused slurry 

manufactures to move to low abrasive content or abrasive free slurry formulations.  

Another attempt to decrease mechanically induced defects is lowering the applied wafer 

pressures and relative pad-wafer velocities.  Processes such as electrochemical 

planarization techniques utilize ultra-low pressure conditions to minimize the impacts of 

CMP on more delicate integration schemes including low-k dielectric layers.      

1.2.4.  Environmental Impact 

 CMP wastewater presents a great challenge to effluent treatment processes.  The 

waste contains a mixture of inorganic and organic contaminants.  The abrasive particles 

in the slurry used to enhance removal, become a contaminant in the effluent streams.  

Slurry composition will be addressed in a separate section, but slurries contain abrasives, 

usually silica, alumina, and/or ceria, complexing agents, corrosion inhibitors, surfactants, 

oxidizers, and buffers among others.  In addition, copper CMP contributes to the effluent 

by adding heavy metal contamination.  Total sales of CMP and CMP-related equipment 

are projected to increase from $1.7 billion in 2003 to $5 billion in 2010 (O’Mara, 1999).  

This translates to increased slurry consumption and an increase in demand for water.  

Until recently, the CMP process accounted for only about 5% of the total water 

consumption in a fab.  However, this percentage is projected to increase to 30-40% of the 

industrial total because of increased recycling and conservation practices in other areas of 
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the fab (Hollingsworth et al., 2005).  Because these practices are not being actively 

implemented in CMP processes, the end result is a wastewater stream containing a higher 

concentration of solids and contaminants.  A major problem with this is that dilution from 

other fab waste streams and treatment using the fab acid waste neutralization system 

(AWNS) was sufficient to maintain the solids content of combined wastewater streams 

below regulations when CMP waste only accounted for a small percentage of the waste.  

As the percent of CMP waste in the total fab waste streams increase, the AWNS will not 

be able to accommodate the high solids content or heavy metals content (Krulik et al., 

2000).  Therefore, additional treatment processes will be required for fabs in the future.  

The challenge for future CMP processes is to reduce overall slurry usage, solids content, 

and heavy metal content. 

1.2.5. Cost of Ownership   

 The CMP module has been shown to have one of the highest costs of ownership 

(COO) of any process in a fab (Brown et al., 2002).  COO is defined as the total cost of 

implementing a specific process, including capital and operating costs.  As with many 

processes, the high COO is mainly a result of operating expenses, specifically, pads and 

slurry.  Figure 1.2.4 illustrates the approximate COO breakdown for a typical CMP 

module. 
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Figure 1.2.4:  Major contributing factors to overall CMP module COO. 

 

The challenges associated with COO are closely related to the environmental challenges 

outlined in Section 1.2.4.  Any reduction in pad or slurry consumption will dramatically 

impact the COO of the CMP process, which as previously mentioned, is predicted to 

increase from $1.7 billion in 2003 to $5 billion in 2010.  One specific study in this work 

focuses directly on reducing pad consumption, another investigates using abrasive-free 

slurry formulations, and others focus on elucidating fundamentals of the chemical 

processes in copper CMP to optimize future pad designs and slurry formulations. 
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1.3.  CMP Equipment and Consumables 

 An extremely simplified depiction of the CMP process was depicted in Figure 

1.1.4.  A slightly more detailed schematic is presented here to begin this section 

discussing CMP equipment and consumables.   

 

Rotating Platen

SlurryRotating Wafer

Polishing Pad

Diamond Conditioner

 

Figure 1.3.1:  Side-view representation of a rotary CMP tool (after Sorooshian b, 2005). 

 

Similar to Figure 1.1.4, Figure 1.3.1 illustrates a rotating wafer and pad along with slurry, 

which is ejected in the center of the pad.  Figure 1.3.1 also shows that the pad is actually 

on a rotating table, known as a platen.  The figure also shows a diamond-conditioning 

disc on the pad, which rotates about its center axis and oscillates back and forth on the 

pad.  The action of the conditioner serves to ‘refresh’ the pad surface to enhance 

polishing performance.  In this section each of the consumables in Figure 1.3.1 will be 

discussed:  pads, conditioners, and slurries.   
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1.3.1.  Pads 

 It has been discussed and shown in Figures 1.1.4 and 1.3.1 that a CMP pad is the 

surface used to planarize a wafer.  Section 1.2 mentioned that hard and soft pads could be 

used to provide better local and global planarity, respectively, however, in reality a 

compromise is established to achieve sufficient local planarity without compromising 

global planarity and vice versa.  Therefore, it is clear that the pad composition and 

microstructure are important as these properties certainly affect pad hardness.  However, 

many additional factors contribute to pad design.  It was also previously stated that the 

slurry used to polish wafer surfaces contains abrasives and it can be imagined that the 

rotating semi-rigid pad and wafer along with a solution containing abrasive particles will 

result in friction and this friction will generate heat.  This is indeed what happens in 

CMP, and it is therefore important that pad properties are somewhat resistant to 

temperature increases, such that overall polishing performance remains constant.  

Because of the chemically active slurry, the pad must also be fairly inert.  Additional 

considerations include transport and distribution of the slurry so that all areas of the wafer 

surface are exposed to similar conditions including the fraction of fresh slurry, slurry 

temperature, and slurry film thicknesses between the pad and wafer.  The pad also aids in 

transport of CMP byproducts away from the pad-wafer interface that may interfere with 

polishing or cause defects. 

 Taking these considerations into account, one could conclude that there are 

multiple pad materials that can be used to achieve desired properties (including hardness 

and temperature effects) and multiple grooving patterns to aid in slurry and byproduct 
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transfer to and from the pad-wafer interface.  This is precisely the case.  Pads used in 

semiconductor manufacturing can be categorized into three major types (Li et al., 2000): 

 

• Type I:  felts and polymer impregnated felts (Rohm & Hass Suba ® Series), 

• Type II:  microporous synthetic leathers (Rohm & Haas Politex ® Series), and 

• Type III:  filled polymer sheets (Rohm & Haas IC1000® series, Freudenberg 

FX – 9 ® series, Cabot EPIC ® series). 

 

Type I and II pads are softer pads, demonstrating lower specific gravity, higher slurry 

loading capacity (will absorb more slurry), and greater compressibility.  These pads are 

typically used to polish tungsten or for final buffing CMP steps (this will be clarified 

later).  Type III pads are much more rigid and are used for CMP of ILD, tungsten, and 

copper.  Figure 1.3.2 shows scanning electron microscope (SEM) cross-section images of 

common Type I, II, and III pads. 
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750 um500 um 430um

(a) (b) (c)  

Figure 1.3.2:  SEM cross-sections of (a) Type I:  Suba ®, (b) Type II:  Politex ®, and (c) 
Type III:  IC1000 ® pads (courtesy of Rohm & Haas).   

 

In addition, a combination of hard and soft pads can be used to produce results that 

balance local and global planarity.  One example of a layered pad is the IC1000/Suba IV 

stacked pad (see Figure 1.3.3). 
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Figure 1.3.3:  SEM cross-section of IC1000/Suba IV stacked pad (courtesy of Nitta-Haas 
Inc.). 

 

The IC1000 material is on the top and the Suba IV pad is on the bottom.  The removal 

rate results of two different stacked pad types are examined later in Chapter 5. 

 In addition to different pad materials, the pad grooving can also vary significantly.  

Figure 1.3.4 illustrates examples of commercial and experimental grooving designs. 

 

(a) Flat pad (b) Perforated pad (c) XY pad (d) K-groove (concentric) 
pad

(e) Logarithmic spiral 
positive pad

(f) Leminscate(a) Flat pad (b) Perforated pad (c) XY pad (d) K-groove (concentric) 
pad

(e) Logarithmic spiral 
positive pad

(f) Leminscate

 

Figure 1.3.4:  Various commercially available and experimental pad groove designs. 
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Although theses different groove designs produce significantly different removal rate, 

frictional, and thermal results; the effect of groove designs was not specifically 

investigated in this work. 

1.3.2.  Conditioners 

 At the beginning of Section 1.3, it was mentioned that the function of the 

oscillating and rotating conditioning disc was to ‘refresh’ the pad surface, so it is 

necessary to define this term more completely.  Figure 1.3.5a shows a typical 

polyurethane pad surface before polishing and Figure 1.3.5b shows the polyurethane pad 

after polishing multiple wafers without conditioning the pad. 

50 um50 um 50 um

(a) (b)
 

Figure 1.3.5:  Typical polyurethane pad surface (a) before polishing and (b) after multiple 
wafer polishes without pad conditioning. 
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The figure clearly shows that slurry abrasives and polishing byproducts clog the pad 

pores without conditioning.  The mechanical action of the diamond conditioner moving 

on the wafer surface serves to clear debris out of the pores and re-generate asperities, 

micro-roughness, on the pad surface.  Adequate pad surface roughness is required for 

optimum polishing performance.  Many different commercial diamond conditioners are 

available with different patterns and grit.  Figure 1.3.6 shows a typical diamond 

conditioning disc. 

 

Figure 1.3.6:  Typical CMP diamond conditioner (Source:  ABT). 

 

Different conditioning designs and grits are not studied in this work.  However, 

alternative conditioning technologies are examined in Chapter 3.  Given that conditioners 

are diamond coated surfaces and most pads are composed of polyurethane, it is obvious 

that the rotating and oscillating action of the conditioner will abrade the pad, increasing 

the rate at which the pad wears and the frequency of pad replacement, which in turn 

increases COO.  However, as shown in Figure 1.3.5, conditioning is necessary to 
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maintain and effective CMP process.  Therefore, less abrasive conditioning techniques, 

which abrade the pad at a slower rate, but can still produce acceptable CMP results would 

decrease COO of the overall CMP process.   

1.3.3.  Slurries and General Removal Mechanisms 

 CMP slurries are complicated mixtures, the composition of which varies 

dramatically depending on the substrate polished.  The mechanism of removal of each 

substrate determines the type of slurry solution used.  As the title of this dissertation 

suggests, this work focuses only on ILD (SiO2) and copper CMP, therefore the 

explanations of mechanisms and slurry chemistries here will be limited to these 

substrates.  These substrates are removed by quite different processes, so the specific 

mechanisms and slurry compositions of each will be covered in separate sections.  

However, there are many generalities regarding the mechanisms involved in polishing 

both of these substrates that can first be discussed. 

 It has been repeatedly mentioned that slurries contain abrasives to enhance 

material removal.  Typical abrasives used in CMP slurries include silica, alumina, and 

ceria among others.  These particles vary in microstructure, density, hardness, and surface 

charge.  All of the slurry solutions used in this work contain silica abrasives.  The surface 

charge of silica is negative at pH values above its point of zero charge (PZC) at pH = 2.2.  

There are two types of silica used in CMP slurries, fumed and colloidal, and both are 

used in this work.  Fumed silica is manufactured using a combustion reaction of silicon 

chloride in a hydrogen and oxygen.  Colloidal silica is formed by reacting sodium silicate 
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in acidic or alkaline aqueous solutions and allows a high degree of particle size 

controllability.  Fumed silica particles are usually larger than colloidal silica particles.  

Figure 1.3.7 highlights the structural differences between the two silica types. 

(a) Colloidal Silica (b) Fumed Silica  

Figure 1.3.7:  SEM images of (a) colloidal silica courtesy of Fujimi Corporation and (b) 
fumed silica courtesy of Degussa Corporation.            

 

Colloidal silica particles are singular spherical entities, while fumed silica consists of an 

aggregate of many nano-sized silica particle chains.  CMP material removal rates 

generally increase with increasing particle size, which is desirable.  However, a 

compromise exists because large particles can contribute to critical wafer defects.  One 

problem associated with slurries is the tendency for particles to aggregate together to 

form larger particles.  Continuous efforts in the industry are directed towards attempting 

to identify slurries that contain large aggregates of particles before they are used in the 

CMP process.  The study in Section 6.1 focuses on analytical techniques used to 
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characterize the particle size distributions of silica-based CMP slurries and alternative 

methods used to identify large particle aggregates. 

 Although the detailed characteristics of ILD and copper CMP are quite different, 

there are general characteristics regarding how the substrate is removed that apply to 

both.  A general mechanism for removal can be realized by considering the relative scales 

of the major features of the CMP process described so far.  Figure 1.3.7 is a 

representation of the macro and micro-scale components at the pad-wafer interface. 
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Figure 1.3.7:  (a) Macro- scale and (b) micro-scale representation of the pad-wafer 
interface (after Philipossian, 2003). 
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Figure 1.3.7a shows the relative scale of a typical groove in a pad.  The pad irregularities 

near the substrate surface are the pad asperities that are re-generated by pad conditioning 

mentioned in Section 1.3.2.  Figure 1.3.7b represents the dashed oval in Figure 1.3.7a and 

shows a detailed representation of the pad-substrate interface.  In both metal and ILD 

CMP, the formation of a reacted passivation layer that is easier to mechanically abrade is 

required for overall removal.  The layer is relatively thin, which is why it is not shown in 

Figure 1.3.7a.  The formation of this film is a complicated process and the details 

regarding passivation layers of different substrates are not completely understood.  The 

goal of Chapter 6 is to investigate this process for copper CMP.  In any case, the 

passivation layer can be thought of a soft layer, which can be removed by the pad 

asperities and slurry particles. 

 Figure 1.3.7b also shows that some asperities are touching the passivation layer 

while others are not, therefore an average slurry film thickness exists between the 

substrate and the pad.  Typical thicknesses of the slurry film and pad asperity heights are 

shown in the figure.  The abrasive particles represented in the figure illustrate how 

particle size affects the process:  the larger the particle, the higher the probability that it 

may be trapped between the pad and the wafer resulting in defects.  This is why the 

average particle sizes of silica abrasives are between 10 to 200 nm.  These smaller 

particles can be caught by an individual asperity, rub against a portion of the passivation 

layer removing material, and may be subsequently released into the bulk solution.  The 

depictions in Figure 1.3.7 are very useful because they illustrate the importance of many 

of the components of the CMP process.  Figure 1.3.7b shows the importance of pad 
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asperities in the material removal process, and therefore the importance of conditioning.  

The abrasives play a significant role, and it is clear how large particle aggregates can 

cause defects.  Pad grooves are on a significantly larger length scale than abrasives and 

asperities and provide channels for the transport of fresh slurry into the pad-wafer 

interface as well as providing a location for any dense abraded material to settle where its 

effects on the removal process will be minimized.  It is generally believed that the 

removal mechanisms described thus far or derivatives thereof adequately represent the 

CMP process of most substrates, however details regarding the role of abrasives, slurry 

chemistries and therefore passivation layer formation of different substrates are 

significantly different. 

 

1.3.3.1.  ILD Slurries 

 The mechanisms for ILD removal have been studied in detail and mechanisms 

have been suggested that seem to represent the process.  Figure 1.3.8 illustrates the ILD 

(SiO2) CMP process using silica abrasives. 



  
 
 

59

 

 

Figure 1.3.8:  Proposed mechanism for silicon dioxide removal using silica during CMP 
(after Chang et al., 1996). 

 

This general representation of the process illustrates the importance of water and it has 

been shown that removal is negligible when water is replaced by organic solvents 

(Brown, 1987).  The removal process has also shown to be enhanced at pH values higher 

than 11 due to the de-polymerization of the SiO2 substrate.  Therefore commercial ILD 
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slurries are usually basic using KOH or NaOH.  The ILD CMP slurry used in this work is 

Fujimi PL4217, which demonstrates a pH of 11.2.  The mechanism shown in Figure 1.3.8 

is slightly different at high pH values because the silanol groups on the silica particles 

and ILD surface approach 100% dissociation, leaving a negative surface charge and more 

aggressive reactions in steps b and c, but the mechanism is generally the same.  It has 

also been shown that diffusion of water into the SiO2 substrate plays a significant role in 

removal because the presence of water in the lattice enhances the cleavage of the Si-O-Si 

bonds below the wafer oxide surface (Sivaram, et al., 1992).  In addition, it has been 

shown that the water diffusion depth in SiO2 is on the order of 170 Å (Cook, 1990).  

These results indicate that the passivation layer formed in the ILD CMP process is 

relatively thick and suggests that this process is primarily mechanical in nature. 

1.3.3.2.  Copper Slurries 

 The silica abrasive particles were shown to play a significant role in the ILD CMP 

process.  Although the ILD removal process is quite mechanical in nature, the silica 

particle adds a chemical “tooth” to the process (Sivaram et al., 1992).  The mechanism 

responsible for copper CMP is different.  It is not believed that the particle provides a 

chemical contribution to removal, and as a result, many different particle types are used 

in copper CMP.  The role of the abrasive in copper CMP is primarily to facilitate 

mechanical abrasion.  Contrary to ILD CMP where the reacted layer formed is on the 

order 100 Å, the passivation layers formed in copper CMP are not (see Chapter 6).  The 

copper CMP process is reliant upon the presence of an oxidizer to convert copper metal 

(Cu0) into an oxidized form of copper (Cu1+ or Cu2+).  Another difference between copper 
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and ILD slurries is the solution pH.  High pH solutions are favorable in ILD CMP, as 

shown in the last section, however copper CMP can be performed in acidic, neutral, or 

alkaline solutions depending on the desired results.  Figure 1.3.9 shows a Pourbaix 

diagram of the copper-water system.  Diagrams of this type represent the most 

thermodynamically stable copper species at various applied potentials and pH, however 

these diagrams do not provide kinetic information regarding the duration of time required 

to achieve such a state.  Therefore, these diagrams are only guides to assist in 

understanding the possible species present at certain conditions. 
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Figure 1.3.9:  Pourbaix diagram of the Cu-H20 system. 
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This diagram is examined later in much greater detail, however here it is sufficient to 

illustrate that in most of the pH range copper exists in the Cu0 state, also known as an 

immunity state, in the absence of an applied potential, E.  When a potential is applied, the 

most stable forms of copper are either oxides (CuO or Cu2O) or an ionic form of copper 

(Cu2+).  The dominance of the ionic form of copper at acidic pH indicates direct copper 

corrosion, or dissolution, whereas, at near neutral to alkaline pH, the dominant forms of 

copper are oxides. 

 These observations provide information regarding mechanisms of copper removal 

at different pH values and applied potentials.  The presence of an oxidizer in the vicinity 

of a copper metal surface induces a positive potential (see Section 6.3 for details).  

Therefore, copper at low pH values in the presence of an oxidizer will dissolve and at 

neutral to high pH will form oxides.  In the pH 5 to 7 range, a mixed regime exists 

depending strongly on pH, potential, and aqueous copper concentration (see Section 6.2). 

 The fact that the dominant removal mechanism of copper at low pH is dissolution 

causes problems in the CMP process.  Referring back to Figure 1.1.3, if the non-planar 

copper surface simply dissolves, then the degree of non-planarity of the surface does not 

decrease and the result are copper lines with severe dishing defects (Figure 1.3.10).  

However, corrosion inhibitors can be added to the slurry to prevent copper in low-lying 

areas from dissolving.       
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CMP

 

Figure 1.3.10:  Copper CMP process at low pH without the addition of corrosion 
inhibitors. 

 

 Copper CMP performed at pH values that result in surface oxides do not 

demonstrate this problem.  The oxides form a protective film on the low-lying regions 

preventing direct dissolution so corrosion inhibitors are not needed.  However, it will be 

shown in Chapter 6 that these copper oxide layers formed are much thinner than the 

layers formed in ILD CMP, therefore a representation such as that shown in Figure 1.3.11 

is appropriate. 
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Figure 1.3.11:  Representation of the copper CMP process at near neutral to high pH. 

 

A thin oxide layer, also referred to as passive film or passivation layer, is formed on the 

copper wafer surface.  As previously mentioned the mechanical action of abrasive 

particles trapped by pad asperities will remove the passive film, exposing a bare copper 

surface that can be re-oxidized and removed.  This cyclic growth-removal process is 

typical of many CMP processes.  The ILD removal process can be represented in a 

similar fashion.  However, the critical difference is the thickness of the passivation layer 

formed.  The comparatively thin copper oxide layer formed and subsequently removed 

results in a process that is much more dependent on the rate of the chemical oxidation 

process.  Another result of this thin passive film is the tendency of defects to occur.  

Large particles trapped between the pad and wafer have a much higher tendency to cause 

scratching defects especially if the passive films formed are only a few angstroms thick.  
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Therefore, copper CMP slurries generally use smaller abrasive particles, less than 50 nm.  

The commercial copper CMP slurry used in this work is Fujimi 7102 with a pH value of 

6.8 and mean colloidal silica particle size of 30 nm.   

 It was mentioned that copper CMP slurries require the presence of an oxidizer and 

a number of oxidizers have been used (see Chapters 4 and 5), however hydrogen 

peroxide is commonly used in commercial formulations.  Other additives in copper CMP 

slurries include complexing agents, buffers, surfactants, and the previously mentioned 

corrosion inhibitors.  Complexing agents, also known as complexants or ligands, are used 

to enhance removal, and possibly reduce defects, by dissolving copper oxides that have 

been mechanically abraded.  Figure 1.3.11 suggests that these added complexing agents 

would also serve to dissolve the passivation layer formed, and this is true.  This topic is 

studied in detail in Chapters 4, 5, and 6.  The addition of buffers is intuitive after the 

above discussion as the copper removal mechanisms are extremely different for acidic 

and neutral conditions.  Surfactants have many uses, one of which is as a particle 

dispersant to prevent aggregation. 

 Due to the complicated nature of copper CMP slurries, it is apparent that 

alterations in slurry chemistry can dramatically alter removal rate trends.  Slurry vendors 

and IC manufacturers have taken advantage of this characteristic in different ways.  The 

primary goal of IC manufacturers is increased throughput with maximum quality.  This 

means using a slurry that yields the maximum removal rate with the minimum defects is 

optimal, however this is usually not possible.  High removal rate slurries often have poor 

local and global planarity results and high defectivity, whereas slurries that provide the 
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best uniformity often demonstrate low removal rates.  The solution is to use multi-step 

polishing schemes, where the 1st polishing step would remove bulk copper at a high rate 

with poor uniformity and a 2nd polishing step is used to clear the small amount of 

remaining copper with high uniformity (Figure 1.3.12). 

1

2

 

Figure 1.3.12:  Depiction of multi-step copper polishing.  Step 1 yields high removal 
rates with poor uniformity and Step 2 yields lower removal rates with high uniformity. 

 

The advantage to this CMP technique is that throughput is maximized without sacrificing 

quality, however it is costly and dramatically increases COO.  The IC manufacturer must 

have two tools with two consumable sets and double the number of operators to planarize 

each wafer.  However, because of the high demand for volume and quality, these 
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additional costs must be incurred.  It should be noted that multi-step CMP is not limited 

to two steps, commercial three step slurries are available.    

1.4.  Motivation and Goals  

 The primary motivation of this work is to explore solutions to the modern CMP 

challenges outlined in Section 1.2.  These solutions are in the form of alternative 

planarization technologies.  These alternative technologies range from different tools and 

consumable sets evaluated in hopes of minimizing environmental and COO impact to 

fundamental studies and modeling used to provide further insight into the CMP process, 

which can be used to design future consumables and tools.  There are nine primary 

studies in this dissertation, which each have individual motivations that contribute to the 

overall goal of this work.  These studies appear as chapters or sub-chapters and the 

motivation of each is separately described below. 

 

• Abrasive-Free Copper CMP Slurry Evaluation (Section 3.1):  It has been 

discussed that agglomerates of abrasives can cause defects, so if slurries are 

designed without abrasives or with relatively low abrasive concentrations, wafer 

defects should be minimized.  A parallel motivation of this work is to minimize 

the environmental impact of the CMP process because it has been shown that the 

solid content of fab waste streams are becoming a crucial concern (Section 1.2.4). 
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• High-Pressure Micro Jet Technology:  An Alternative to Conventional 

Diamond Disc Pad Conditioning (Section 3.2):  Diamond conditioning of 

polyurethane pads results in significant pad wear, which ultimately affects COO.  

The technology evaluated in this study used a high-pressure water jet to clean the 

pad and re-generate asperities.  This type of conditioning could significantly 

reduce pad wear rates as a result of conditioning and decrease overall COO. 

 

• Impact of Gaseous and Aqueous Additives on Copper CMP Using the 

Controlled Atmosphere Polishing System (Chapter 4):  The CAP system 

performs CMP in a controlled atmosphere capable of high pressure and vacuum 

conditions.  This study has a few motivations.  Firstly, the study is a proof of 

concept that gaseous additives affect the CMP process.  Secondly, if the slurry 

chemistry can be altered real-time during a polish, it may be possible to change 

removal trends during a polish.  These types of real-time slurry composition 

changes could allow for the number multi-step polishes to be reduced.  For 

example, gaseous additives that produce high removal rate trends can be added 

first, the system pressure could then be dropped to remove the additives and 

additional components could then be added which provide a controllable, lower 

removal rate process. 

 

• Modeling CMP Removal Rate Using Dissolved Oxygen in the CAP (Section 

5.1):  This study serves as an extension to Chapter 4, however this work focuses 
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on using different partial pressures, hence different aqueous concentrations, of 

oxygen.  The removal rate trends as function of oxygen partial pressure are 

examined and a two-step removal rate model including the oxygen partial 

pressure is applied.  Results for two identical k-groove pads with different sub 

pads are compared.  The motivation for this work is fundamental understanding of 

the copper removal rate process through extremely small changes in dissolved 

oxygen concentration and the effects on modeling efforts. 

 

• Expanding the Current Two-Step Removal Rate Model:  Addition of 

Complexing Agents (Section 5.2):  Fundamental understanding of the copper 

CMP process is the major motivation for this work.  The CAP studies and studies 

using commercial slurry formulations have indicated the importance of 

complexing agents in copper removal and it was determined that the classic two-

step removal model must be modified to include a third step accounting for direct 

dissolution of oxidized copper.  The ultimate goal is to quantify the role 

dissolution plays in overall copper removal compared to other chemical processes 

and mechanical action. 

 

• Effects of Slurry Chemistry on Abrasive Interactions (Section 6.1):  Decreasing 

overall wafer defects caused by large aggregates formed in silica-based CMP 

slurries is the motivation of this work.  This study is highly applicable to 

industrial analysis of incoming CMP slurries before they are used in the fab.  The 
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study highlights deficiencies in the common slurry evaluation techniques and 

investigates alternative metrology and methodology in an attempt to identify 

potential defect-causing particle aggregates. 

 

• Investigation of Copper-Hydrogen Peroxide Film Growth Kinetics (Section 6.2):  

This study serves as the first of three studies focused on experimentally 

determining the chemical parameters in the three-step model proposed in Section 

5.2 a priori.  The primary goal is fundamental understanding of these chemical 

processes and application of the results to the sub-second timescales involved in 

the CMP process. 

 

• Characterizing Step 1 in the General Removal Rate Model:  Copper Oxide 

Growth (Section 6.3):  Related to the motivation in Section 6.2, this study focuses 

on characterizing copper oxide film growth as a function of temperature for 

application into the three-step removal rate model. 

 

• Characterizing Step 3 in the General Removal Rate Model:  Dissolution of 

Copper Oxide (Section 6.4):  Related to the motivation in Section 6.2, this study 

focuses on the dissolution kinetics of copper oxide as a function of temperature 

using a commercial CMP slurry for application into the three-step removal model. 
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• Comparison of Removal Rate Model with CMP Experiments (Section 6.5):  This 

section compares the improved three-step model with the new experimentally pre-

determined rate expressions for copper oxidation rates and copper oxide 

dissolution rates determined in Sections 6.3 and 6.4.  Comparison of the new 

model using one fitting parameter is compared to previous removal rate models 

with up to five fitting parameters.  The mechanical abrasion rates are compared 

with chemical oxidation rates and dissolution rates to determine the controlling 

processes under different CMP conditions.  
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CHAPTER 2 – EXPERIMENTAL APPARATUS 

The studies in this dissertation used a variety of methods and tools. These can be 

broadly separated into two categories:  CMP tools and analytical instruments.  The 

analytical tools used in the subsequent chapters were Gaertner Scientific Ellipsometer, 

the Particle Sizing Systems (PSS) Accusizer 780, the PSS NiComp 380, and the Malvern 

Mastersizer 2000.  The general theoretical principles and techniques associated with these 

tools are explored in Section 2.1.  The CMP tools used in this work are described in 

Section 2.2.  The three major CMP systems used in this work are the scaled Innovative 

Planarization Laboratory (IPL) 100 mm CMP tool at the University of Arizona, the high-

pressure micro jet conditioning system (HPMJ), and the controlled atmosphere polisher 

(CAP).  The IPL 100 mm polisher details including schematics, methods of use, and 

calibration procedures have been published in theses and dissertations of past IPL 

members, however an overview of this system is discussed in Section 2.2.1 (Charns, 

2003, Li, 2005, Olsen 2002, Mitchell, 2002, and Sorooshian b, 2005).  The HPMJ 

conditioning system is only used for the study in Section 3.2.2, and the details of this 

system in including adjustable parameters and methods of operation are provided in that 

section.  Brief descriptions and motivations for use of the CAP system have been 

published elsewhere (DeNardis a et al., 2005, ibid c), however because a significant 

portion of this dissertation concerns the CAP system and a comprehensive description of 

the CAP and its operation has not yet been published, a detailed description including 

schematics, methods of use, calibration procedures, and in-house modifications made to 
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the as-received tool provided by Fujikoshi Machinery Corporation are described in 

Section 2.2.2.      
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2.1.  Analytical Instrumentation 

2.1.1.  Gaertner Ellipsometer 

 A LSE-WS Waferskan Ellipsometer manufactured by Gaertner Scientific 

Corporation was used in Chapter 6 to measure the thickness of copper oxide films.  For 

motivation of this study, refer to Chapter 6.  The automated ellipsometer is capable of 

measuring up to 49 points on any size wafer up to 300 mm at one measurement per 

second.  The ellipsometer is shown in Figure 2.1.1. 

 

 

Figure 2.1.1:  Gaertner Scientific Ellipsometer. 

 

It can be seen from the figure that the ellipsometer consists of an automated stage upon 

which the wafer to be measured is placed film-side up.  The wafer is held in place by 
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attaching an optional vacuum line to the apparatus.  The instrument uses a fixed 

incidence angle of 70o.  Single layer films such as oxides, nitrides, and photoresists can 

be measured using this tool, as well as two, three, and four layer films with known 

bottom layers.  However, only single layer copper oxide films on copper substrates were 

measured in this study.  Ellipsometer settings for measuring copper oxides are discussed 

in Section 6.2.2.  To measure the thickness of a given film, the tool uses a 

photopolarimeter for the simultaneous measurement of all four Stokes parameters of light 

reflected off of the substrate, S (See Figure 2.1.2). 
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Figure 2.1.2:  Diagram depicting method of ellipsometric film measurements.       

 

The reflected light beam, the state of polarization of which is to be determined in order to 

determine the film thickness, strikes, at oblique angles of incidence, three photodetector 

surfaces in succession, each of which is partially spectrally reflecting and each of which 

generates an electrical signal proportional to the fraction of the radiation it absorbs.  A 
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fourth photodetector is totally light absorptive and detects the remainder of the light.  The 

four outputs thus developed form a 4x1 signal vector I, which is linearly related, I=AS, to 

the input Stokes vector, S.  The Stokes vector is obtained by S=A(-1)I.  The 4x4 

instrument matrix A is non-singular, which requires that the planes of incidence for the 

first three detector surfaces in Figure 2.1.2 are all different.  For a given arrangement of 

four detectors, A can be determined by calibration of the sample substrate. 

 For copper oxide thickness measurements, the “Thickness 1 and Nf 1” calculation 

mode should be selected in Figure 2.1.3. 
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Figure 2.1.3:  Software interface. 

 

The input parameters for this calculation mode are the “Substrate Ns and Ks” and are 

measured from a freshly polished copper wafer surface to be 0.18854 and –3.0595.  The 

“(Exp)Thickness 1” can also be safely input as 500 Å.  A measurement is made by 

pressing the “Scan Wafer” button.  After the scan is complete, the thickness and standard 

deviation, both reported in angstroms, can be read from the right side of the screen under 

the “Thick 1” column. The details for obtaining substrate parameters, input definitions, 

and determining appropriate calculation modes are outlined in the Geartner Scientific 

User’s Manual (Gaertner, 2002). 



  
 
 

78

2.1.2.  PSS Accusizer 780     

 The Accusizer 780 was used in Chapter 6 to determine particle size distributions 

(PSD) and large particle counts (LPC) of silica particles in CMP slurries.  The details and 

implications of these measurements are addressed in detail in Section 6.1, however the 

apparatus and theory of operation will be addressed here.  Figure 2.1.4 shows the 

Accusizer apparatus. 

 

Figure 2.1.4:  PSS Accusizer 780. 

 

The Accusizer uses a technique called single particle optical sensing (SPOS) and 

therefore requires a sample be extremely dilute (dilution of 1:2000 was used in this 

work).  The technique is based on the passing of a single particle passing through a laser 

as depicted in Figure 2.1.5. 
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Figure 2.1.5:  SPOS measurement technique. 

 

The passage of a particle through the detection zone causes a detected pulse, the 

magnitude of which depends on the mean diameter of the particle.  The detector is 

designed to provide a monotonic in pulse height with increasing particle diameter.  As the 

solution is analyzed, the number of particles in each user-defined particle size are 

determined and reported as a PSD or LPC.  It is clear from Figure 2.1.5 that the solution 

being analyzed must be very dilute so as to minimize multiple particles flowing through 

the detection time at a given time, which may give false measurements of large particles 

that are actually multiple small particles. 

2.1.3.  PSS NiComp 380   

 The PSS NiComp 380 is an instrument capable of measuring both mean particle 

size and particle zeta potential.  The same tool, Figure 2.1.6, is used for both 
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measurements, however a cuvette cell with electrodes is used for zeta potential 

measurements. 

 

Figure 2.1.6:  PSS Nicomp 380. 

 

2.1.3.1.  MPS Measurements 

The technique employed to measure MPS is dynamic light scattering (DLS).  

DLS measurements are based on the fact that particles in solution are constantly moving 

due to Brownian motion.  Similar to SPOS a laser is sent through a sample cuvette, 

however one difference between the techniques is that in the Nicomp the solution is 

stagnant, whereas the solution flowed through the capture zone in the Accusizer.  In 

addition, the measurements obtained using SPOS are detected pulses, while the 

measurements obtained using DLS are scattered light intensities.  The intensity of light 

scattered in a particular direction by dispersed particles tends to periodically change with 
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time.  The Brownian motion of the particles described above causes these fluctuations in 

the intensity as a function of time profile.  An exponential decay correlation function can 

be fit to the intensity profiles and characteristic decay times can be calculated.  The 

characteristic decay times are related to diffusion coefficients, and then using the Stokes-

Einstein equation, a particle radius can be obtained.  Figure 2.1.7 depicts the change in 

scattered light intensity as a function of particle size. 

particles scattered light
 

Figure 2.1.7:  Measured scattered light intensity as a function of particle size. 

 

2.1.3.2.  Zeta Potential Measurements 

By definition, the zeta potential of a particle is the electrical charge of the particle 

at the surface of shear between the particle and the solution and is located at the edge of 

the fluid boundary layer surrounding the particle (see Figure 2.1.8). Zeta potential is 

dependent on the particle type and solution pH and can vary from 0 mV at the point of 

zero charge (point of zero charge, PZC, is the pH where the charge of a surface changes 

from a positive value to a negative value) to the true surface charge of the particle under 



  
 
 

82

vacuum conditions. The implications of zeta potential measurements are discussed in 

detail in Section 6.1, however, in general the zeta potential is a measure of the suspension 

stability: an increase in the magnitude of zeta potential from the slurry PZC generally 

indicates greater particle dispersion within the slurry system and higher stability.  
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Figure 2.1.8:  Electric double layer surrounding dispersed particles.  The zeta potential is 
measured at the surface of shear (after Sorroshian b, 2005). 

 

To measure the zeta potential, a diluted slurry solution is placed in a cuvette with 

electrodes through which a laser is sent.  As shown in Figure 2.1.8 the suspended 

particles will posses a surface charge, provided the solution is not at the PZC, and will 
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move when an electric field is applied to the solution.  Figure 2.1.9 illustrates the 

electrode cuvette sample cell with the particles, laser, and scattered light. 

particles scattered light
 

Figure 2.1.9:  The electrode cuvette used to measure the zeta potential of a suspension.  
Small circles indicate particles and large circle represents laser. 

 

The figure indicates an applied electric field, and therefore the particles would move in 

one direction scattering the laser.  However, by alternating the direction of the field, the 

particles will move back and forth between the electrodes at a velocity relative to their 

surface charge and the applied potential.  This velocity can be determined by measuring 

the Doppler shift of the laser light scattered by the moving particles.     

2.1.4.  Malvern Mastersizer 2000 

The Mastersizer uses static light scattering (SLS) to measure the PSD of a 

suspension.  In SLS, the angular dependency of the time-mean-intensity of laser light 

scattered by particles in a suspension is measured.  This tool was used in conjunction 
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with the PSS 780 and 380 to determine if any metrology deficiencies existed.  Figure 

2.1.10 illustrates the internal structure of the Mastersizer. 

 

Figure 2.1.10:  Diagram of the Malvern Mastersizer 2000 depicting the angular 
dependence of scattered light. 

 

One of the major advantages to using the SLS technique is that the range of particle sizes 

accurately measured is much larger than that of DLS.  The figure shows the multiple 

detectors in the tool allowing the angular dependency of the average scattering intensity 

to be determined which is then used to calculate the particle sizes as a function of the 

refractive index of the solute and the wavelength in the incident light originating from the 

source, L. 
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2.2.  CMP Tools 

2.2.1.  IPL Scaled Polisher 

2.2.1.1.  Polisher Overview 

The CMP tool used for polishing experiments at the IPL is a 1:2 scaled version of 

a SpeedFam-IPEC 472 rotary tool. A prototype of this tool was originally designed and 

fabricated at Tufts University (Sorooshian b, 2005).   The design was later modified and 

improved by researchers at the University of Arizona.  The experiments conducted in this 

work were performed on this modified design at the University of Arizona.  Figure 2.1 

shows this tool and most of its accessories. The scaled polishing tool uses a Struers 

Rotopol-35 tabletop polishing platform with a 12-inch diameter platen.  
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Figure 2.2.1:  The scaled IPL 100 mm CMP tool. 

 

The drill press in Figure 2.2.1 is used as the 100 mm wafer carrier control system for the 

tool. With the carrier in the drill chuck, the rotating drill rotates the wafer and allows for 

wafer velocity control. Figure 2.2.1 shows the sliding traverse, which is designed with a 

weighted carriage and positioned on top of the drill press and enables the application of 

variable pressures on the wafer. By adjusting the carriage weight and the location of the 

carriage on the traverse, variable down forces could be passed onto the gimbaled wafer 
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carrier (the carrier did not have capabilities for independent control of wafer and ring 

pressures). It should be noted that the traverse is positioned such that the pivot point is 

located directly above the drill press supporting column. This allowed the transfer of 

force without creating a moment about the drill press.  

Pad diamond conditioning is performed using a removable assembly that is 

mounted over the Struers polisher using a simple bolt attachment. The 50 mm 

conditioning disc is positioned such that it can be spring loaded onto the polishing pad 

platform at specific pressures. Applied conditioner pressures were calibrated using 

various spring lengths and a Tekscan® pressure mapping sensor.  Two stepper motors 

allowed the conditioning disc to rotate and sweep independently across the pad. 

To characterize the frictional effects during CMP, the polisher is placed on top of 

a friction table consisting of two parallel plates. Figure 2.2.2 shows a detailed schematic 

and image of this design. The bottom plate of the friction table is bolted to an 

approximately 180 kg isolation table to ensure no movement. The top plate is constrained 

to move in a single axis of direction only (relative to the bottom plate) via two rods 

positioned between the plates. A strain gauge mounted between the plates measures the 

lateral force applied by the top plate on the bottom plate during polishing. This was done 

through a calibration relating voltage output and force.  
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Figure 2.2.2:  Image and schematic of friction table.   

 

Using the normal force (i.e. normal force for a polish is defined by the product of 

the applied wafer pressure and the wafer surface area) and lateral force (i.e. shear force) 

on the wafer surface during a polish, the coefficient of friction (COF) can be calculated. 

 
normal

shear

F
FCOF =      (2.1) 
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In Eqn. (2.1), Fshear is the magnitude of the shear force and Fnormal is the magnitude of the 

normal force for a given polish. 

2.2.1.2.  Polisher Scaling 

As described earlier, the polishing tool seen in Fig. 2.2.1 is a 1:2 scaled version of 

a SpeedFam-IPEC 472 rotary CMP tool. The SpeedFam-IPEC 472 tool was selected as 

the basis for the scaled tool due to its rotary kinematics and its past reputation as a stable 

and reliable industrial tool. Furthermore, results obtained on a scaled down version of this 

tool could be used comparatively for industrial purposes. To scale, or match, the two 

polishers appropriately, the following parameters were considered: applied wafer 

pressure, platen and wafer sliding velocities, platen and wafer diameters and slurry flow 

rate. The details of polisher scaling have been published elsewhere (Charns, 2003, Li, 

2005, Olsen 2002, Mitchell, 2002, and Sorooshian b, 2005).  

2.2.1.3.  Wafer Carrier and Polishing Head Mechanism 

As shown in Fig. 2.2.1, a modified industrial drill press was used to rotate and 

apply down pressure on the wafer carrier. A weighted carriage mounted on a traverse 

allowed for control of the pressure applied to the gimbaled wafer carrier. The chuck of 

the drill press was used to position and hold the brass post of the wafer carrier, shown in 

Fig. 2.2.3, such that the carrier would be positioned at a given height upon pad contact 

which would ensure that the traverse was parallel with the platen (this would guarantee 

an accurate applied wafer pressure based on traverse calibrations).  
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The rigid-backed wafer carrier shown in Fig. 2.2.3 consists of a flat 114 mm 

aluminum disc with a porous backing film template glued onto the disc. The carrier 

template contained a retaining ring that excluded 6.35 mm of the total aluminum disc 

diameter, thus allowing 100 mm diameter wafers to fit within the template. The wafer 

was held onto the backing of the carrier with water adhesion. The retaining ring depth 

was less than the thickness of the wafer such that the wafer could make sole contact with 

the pad surface during the polishing.  

 

Wafer

Brass Post

Retaining Ring

 

Figure 2.2.3:  Wafer carrier. 

 

A DC controller integrated into the drill press controlled the chuck rotation speed 

and hence the wafer sliding velocity. By changing the input voltage of the controller, 

sliding velocities could be varied to specific settings.  The calibration procedures for the 
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wafer carrier rotation speed as well as the calibration of the friction table strain gauge, 

force transducer, and traverse are published in detail elsewhere (Charns, 2003, Li, 2005, 

Olsen 2002, Mitchell, 2002, and Sorooshian b, 2005).  

2.2.1.4.  Pad Conditioning and Slurry Delivery Systems 

The pad conditioning system consisted of a 5 cm diamond-conditioning disc, 

which was spring-loaded to apply pressure to the disc on the pad. The disc was held in 

place with a chemically and mechanically resistive polyphenylene-based housing (this 

design was similar to the wafer-carrier mount described before). The spring length and 

spring constant were selected such that the applied down pressure was approximately 3.4 

kPa on the pad. The pressure calibration of the spring was performed using a Tekscan® 

pressure mapping system. Figure 2.2.4 shows the pad conditioning apparatus during in-

situ polishing. As seen in the figure, in-situ or ex-situ conditioning may be performed. In-

situ conditioning is conditioning simultaneously while polishing.  Alternatively, ex-situ 

conditioning is performed separately between polishes.  Both in-situ and ex-situ 

conditioning schemes are employed in this work.  
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Figure 2.2.4:  In-situ pad conditioning during polishing. 

 

Two stepper motors allowed the conditioning disc to rotate and sweep independently 

across the pad. The calibration of the stepper motor involved a trail and error procedure 

of estimating rotation and oscillation rates (per minute) with various input voltages.  

As shown in Fig. 2.2.4, slurry was distributed with Tygon® tubing inside of an 

aluminum metal housing onto the center of the pad.  A Masterflex® peristaltic pump was 

used as the slurry pump. The pump would transport slurry from a pre-formulated slurry 

source (i.e. beaker) to the pad.  The pump was calibrated through a simple graduated 

cylinder and stopwatch method. If a specific flow rate setting on the pump resulted in 

more or less than what was expected, then positive and negative adjustments to the pump 
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rotation rate would be made to correct the issue. These adjustments would then be re-

verified to ensure accurate pump rates. 

2.2.2.  CAP System 

2.2.2.1.  Overview 

The CAP system is a novel apparatus designed to perform CMP in a pressurized 

or vacuum environment using a number of gaseous additives.  The research in this work 

is limited to CMP performed in pressurized conditions.  A general schematic of the CAP 

system is shown in Figure 2.2.5. 
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Figure 2.2.5:  Diagram of the CAP system. 
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All CMP equipment including the platen, pad, wafer carrier, and slurry injector are 

contained in the main vessel.  The lid to the vessel, partially open in Figure 2.2.5, is 

secured to the main vessel using the bolts, with bushings and nuts, shown in the figure.  

The high-pressure resistant glass viewing ports, designated v.p. in the figure, allow the 

operator to observe the CMP processes taking place in the CAP tool during a polish.  The 

viewing ports are imperative for CAP operation because oxygen gas was used, along with 

other oxidizing gases, in the CAP system.  Using flammable gases under pressure causes 

critical safety concerns in using the CAP.  Therefore, the operator of the tool must be 

extremely attentive while using the tool. 

 Before performing a polish in pressurized conditions, a detailed procedure section 

is outlined later, the lid is closed and the six bolts must be transferred from the open lid 

position, depicted in Figure 2.2.5, to the closed lid position shown in Figure 2.2.6. 
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Figure 2.2.6:  Top view of the CAP tool with closed lid.  Dashed bolts and nuts indicate 
the bolt position when CAP lid is open. 

 

The side view of the CAP tool with the lid in open and closed positions is shown in 

Figure 2.2.7. 
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Figure 2.2.7:  The CAP system open and closed. 

 

The CAP balancer depicted in the figure on the right side of the lid is actually a counter – 

weight bearing system that allows the heavy lid to be opened and closed with relative 

ease.  An O-ring between the lid and the main vessel ensures that the system is 

hermetically sealed after tightening the nuts on the lid.   

 The internals of the original CAP system design are shown in Figure 2.2.8.  The 

pad is placed on top of the 24 cm diameter platen and the wafer carrier is placed on the 

pad.  Weights are stacked on the wafer carrier to apply wafer pressure.  Slurry is pumped 

into the CAP through a port and ejected in the center of the pad during polishing.  The 

original wafer carrier rotation control apparatus, the u-shaped component in the figure, 
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consisted of two rotating rollers, only one white roller with an arrow is shown.  These 

rollers would hold the wafer carrier with weights in place.  Since a motor protruding 

through the bottom of the main vessel controls the platen rotation independently, friction 

generated between the substrate and the pad would cause the wafer carrier to rotate as the 

pad was rotated.  This system was the original design for rotating the wafer. 
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Figure 2.2.8:  CAP system internal detail.    
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This type of wafer carrier rotation control was used on the first prototype CAP system at 

Saitama University in Japan and worked well.  However the substrates that were being 

polished were 2.25 mm2 square silicon coupons.  It was realized in attempting to polish 

100 mm copper wafers or discs with the arrival of the second CAP prototype at the IPL at 

the University of Arizona that this original rotation control system was insufficient.  The 

wafer carrier velocities were inconsistent and for some applied pressures the wafer carrier 

would not rotate at all.  This deficiency was not surprising considering the amount of 

weight necessary to apply a typical copper CMP pressure, 3 PSI for example, to a 100 

mm wafer compared to the amount of weight required to achieve the same pressure using 

a 2.25 mm2 square coupon.   

2.2.2.2.  Modifications to the Wafer Carrier Rotation System 

It was clear that an additional rotation mechanism was needed to assist the wafer 

carrier in rotating.  However, there were many constraints making this a difficult task.  As 

previously mentioned, weights were stacked directly on the wafer carrier to apply 

pressure to the wafer.  This fact made it difficult, if not impossible, to install an 

independent motor on the CAP lid that would protrude through the lid down onto the 

wafer carrier-weight stack controlling rotation because the ability to add and remove 

weights to apply the desired pressure was necessary.  In addition, the effects of drilling 

holes through the chamber on the mechanical integrity of the tool were unknown, and 

because the system was to be used at high pressures it was preferred not to alter the 

vessel.  To remedy the problem, a design that used the force of the rotating platen to 

mechanically rotate the wafer carrier was created.  The system consisted of a series of 
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gears and timing belts to transfer the rotation power of the platen to the wafer carrier.  

The first prototype was designed by the IPL and manufactured at the University of 

Arizona Department of Chemical and Environmental Engineering Machine Shop.  Later, 

Fujikoshi Corporation fabricated a version of the original design and the CAD drawings 

of this design are shown here.  The top and side views of the wafer control system are 

shown in Figure 2.2.9. 
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Figure 2.2.9:  Top and side views of the modified wafer carrier rotation control system. 
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At first inspection, it is clear that the design in Figure 2.2.9 is much more complex than 

that shown in Figure 2.2.8.  There are three flanges shown in the top portion of Figure 

2.2.9 welded on the inside of the main vessel wall, indicated by two circles on a semi-

rectangular shape on the bottom, left, and right sides of the vessel at 90o angles to each 

other.  These flanges were part of the original CAP design and were used to fasten the 

original wafer carrier rotation system to the vessel.  These same flanges were used to 

mount the modified rotation system to the vessel, as indicated in the figure.  A timing belt 

was installed around the platen and a geared pulley, denoted as the platen pulley, 

contacted the timing belt at point A.  The platen pulley was securely held against the 

platen-timing belt by a spring on the ‘B’ axis in Figure 2.2.9.  The rotation speed of the 

platen pulley was reduced through a series of gears and timing belts to ultimately rotate a 

drive roller, denoted guide roller in the figure, at the desired rotational velocity.  Two 

polypropylene O-rings were placed around the guide roller to contact and subsequently 

rotate the wafer carrier.  The roller w/O-ring indicated in the figure also has O-rings on it, 

however this roller does not contribute to the wafer rotation, it only rotates with the 

carrier and maintains its position on the pad.  This rotation system was able to facilitate 

wafer carrier velocity equal to the platen velocity for applied wafer pressures up to 22 

kPa (3.2 PSI), which was the maximum pressure used.          

2.2.2.3.  Electronic Controls 

 The CAP system was not controlled by a computer interface, as was the case with 

the scaled IPL polisher, mainly because the system did not allow for friction 
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measurement to be taken.  However the platen rotation was controlled through a control 

panel shown in Figure 2.2.10. 

 

Figure 2.2.10:  CAP control panel. 

 

The term ‘table’ is used interchangeably with the term platen in Figure 2.2.10; for 

example, the ‘table speed meter’ indicates the platen rotation speed.  Because the 

controller ensured proper rotation speed, no platen or wafer carrier rotation speed 
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calibration was necessary.  However, the rotation speeds of both were verified via 

tachometer daily.   

2.2.2.4.  Wafer Pressure Application 

 Wafer pressure was applied by stacking weights on the wafer as shown in Figure 

2.2.11. 

 

Figure 2.2.11:  Application of wafer pressure using stacked weights. 

 

The figure shows that multiple grey steel weights and white lead weights can be stacked 

on the wafer carrier to provide the desired pressure.  In addition to the weights shown in 

Figure 2.2.11, there are larger diameter weights that can be used to apply greater 

pressures.  Table 2.1 indicates the type and number of weights used to achieve the three 

pressures that were used in the CAP studies. 
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Table 2.2.1:  Number of weights required to achieve applied wafer pressures of 1.5, 2.5, 
and 3.2 PSI (10.3, 17.2, and 22.0 kPa). 

weight type: steel lead large lead
weight per disc (lbf): 1.7 2.4 3.4
1.5 PSI (10.3 kPa) 8 1
2.5 PSI (17.2 kPa) 6 5
3.2 PSI (22.0 kPa) 5 10  

 

The number of weights shown in Table 2.2.1 required to achieve a given pressure has 

been calculated for 100 mm wafers.  It should be noted that the wafer carrier mass of 2.9 

lbf must be considered in these calculations. 

2.2.2.5.  Process Flow Diagrams 

 The process flow diagram (PFD) of the CAP system received from Fujikoshi 

Corporation is shown in Figure 2.2.12.  Table 2.2.2 shows the part names corresponding 

to the numbers shown in Figure 2.2.12. 
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Figure 2.2.12:  Original PFD of as received CAP system. 
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Table 2.2.2:  List of components of original PFD. 
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Table 2.2.2:  List of components of original PFD - Continued. 
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Table 2.2.2:  List of components of original PFD - Continued. 
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Table 2.2.2:  List of components of original PFD - Continued. 
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Table 2.2.2:  List of components of original PFD - Continued. 

 

 

A number of changes were made to the original CAP design because of incompatibility 

with the requirement of this work.  First, Figure 2.2.12 shows that the slurry pump, item 

50, transfers slurry through 50 into the CAP chamber.  As slurry flows off the pad surface 

in the main vessel during CMP, it flows through 45 back to the pump and is recycled.  It 

is hypothesized that this recycle system was chosen because of the nature of the slurry 

pump.  The pump is a diaphragm-type pump and does not produce consistent flow rates if 

the inlet and outlet are at significantly different pressures, as would be the case if a fresh 

slurry reservoir at ambient pressure was the inlet to the pump and the pressurized CAP 

chamber was the outlet.  However, the experiments in this work were designed to 

investigate the effects of slurry chemistry changes and it was therefore a recycled slurry 

system was not appropriate.  In addition, other limitations existed in the original design.  

The diaphragm pump would not operate above CAP system main vessel pressures above 

5 ATM.  Further, ball valve 46 did not provide adequate controllability of the slurry inlet 

stream and the slurry inlet stream flow rate was unknown and was observed to vary with 

CAP system pressure.  It was for these reasons that the entire slurry distribution system 
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was redesigned.  Figure 2.2.13 shows the modified PFD of the CAP system that was used 

in this work.  
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Figure 2.2.13:  Modified CAP PFD. 
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The modified PFD includes a completely different slurry distribution system in which a 

separate pressure vessel, V1, was used as the slurry reservoir.  In addition, Figure 2.2.13 

indicates that the waste gas is discharged to a fume hood for safety considerations via ball 

valve E, whereas the original design discharged the gas to the ambient atmosphere.  

Figure 2.2.13 also shown that the waste slurry, LIQ WST, is discharged as a waste 

stream, not recycled.   

The detailed operation of the slurry distribution system will be described in the 

procedure section, Section 2.2.2.6, however the major components are described here.  A 

slurry reservoir at ambient conditions is the slurry inlet, SLU SUP.  This stream is 

connected to V1 with A.  The slurry pressure vessel, V1, is designed to operate at a 

higher pressure than the CAP to cause slurry to flow from V1 to the main CAP vessel.  

The gas supply to V1 should be an inert gas, nitrogen or argon, and the flow of gas into 

V1 is controlled using 83.  The flow of slurry is controlled with ball valve C and the 

manual control valve D with a flow meter.  The flow meter is a rotameter, which was 

calibrated using a graduated cylinder and stopwatch method.  The manual control valve D 

is a needle valve.  It was found that a flow rate of approximately 0.18 gallons per hour on 

the flow meter corresponded to a slurry discharge flow rate on to the pad of 80 cc min-1. 

2.2.2.6.  CAP Operating Procedures 

 This section details CAP system operation for performing CMP on 100 mm 

copper wafers or discs, but can be applied to other substrates.  These procedures refer to 

information presented in figures and tables from the previous section. 
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1. Prior to experimentation, the timing belts, pulleys, gears, and O-rings associated 

with the CAP main vessel, wafer carrier rotation system, and platen should be 

inspected.  Timing belts should be tight and not visibly worn.  If wear is apparent 

on belts, O-rings, gears, etc. they should be replaced. 

2. The pad to be used should be cut to the appropriate diameter for the CAP platen 

and placed on the platen.  This should be done with the platen removed from the 

CAP tool. 

3. Install the platen with pad in the CAP by simply lining up the two holes on the 

platen underside with the pins in the rotating CAP table.  Then install the wafer 

carrier rotation system to the two flanges inside of the CAP as shown in Figure 

2.2.9.  To accomplish this, the spring attached to the platen pulley gear must be 

stretched such that the platen pulley rides against the platen-timing belt.  Spacers 

should be placed between the wafer carrier rotation system and the flanges.  The 

spacers with black electrical tape in the CAP toolbox (blue) are sufficient for 

Rohm & Haas pads.  Secure the wafer carrier rotation system using the 

appropriate bolts and hex wrench. 

4. Before experimentation, new pads should be broken-in by conditioning with 

UPW for 30 min.  The conditioner used is a 100 mm, 100-grit diamond TBW 

conditioning disc.  The conditioner carrier is identical to the wafer carrier, except 

three pins have been installed to hold the conditioning disc.  One steel and one 

white weight placed on the conditioner carrier results in a conditioner pressure of 

0.5 PSI (3.4 kPa) and this pressure was used for all conditioning. 
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5. Once UPW break-in is complete, a copper dummy disc is polished using slurry 

for 5 minutes.  Then five, one-minute copper dummy disc polishes are performed.  

At this time, actual CMP experiments can be performed. 

6. For polishes in the ambient, i.e. open CAP lid, the procedures are similar to using 

the IPL scaled 100 mm polishers, except conditioning must be performed in an 

ex-situ fashion. 

7. To polish a wafer or disc, wet the wafer carrier template with UPW and adhere 

the wafer to the template.  Then place the wafer carrier, wafer side down on the 

pad in the CAP.  Stack the appropriate weights on the wafer carrier to achieve the 

desired pressure, see Table 2.2.1, being careful to stack the weights properly.  

Weights not perfectly stacked cause non-uniform pressures to be applied to the 

wafer and many times result in the wafer slipping out of the wafer carrier during 

CMP. 

8. After the weights are applied and slurry flow rate is turned on either by using a 

peristaltic pump for open chamber polishes or turning on ball valve C for 

pressurized polishes, the platen rotation control switch on the control box, Figure 

2.2.10, can be turned on.  It is at this time the stopwatch should be started, even 

though there is a slight speed ramp-up, this was the procedure used for all 

experiments.  It is best to have adjusted the rotation speed knob in Figure 2.2.10 

prior to the polish to set the desired speed. 

9. The rotation control switch is turned off after the desired polishing time, 60s, 

120s, etc., even though the wafer will take a few seconds to stop rotating 
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completely, this was the convention used for all experiments.  Weights are 

removed a few at a time and then the wafer carrier is brought to the sink where 

the wafer is removed and washed with UPW. 

10. It is at this time that ex-situ conditioning is performed.  Conditioning time is user-

defined, 1 minute was used in this work.  After conditioning with slurry is 

completed, the conditioner is removed and the pad is rinsed with UPW.  Steps 7-

10 are repeated for all ambient pressure polishes. 

11. When polishing in pressurized conditions, a number of additional steps must be 

performed between Step 7 and 8.  After Step 7 for a pressurized polish, the CAP 

main vessel lid is closed and the nuts on the bolts used to secure the lid are hand 

tightened.  After hand tightening, the nuts are tightened with a torque wrench 

found in the CAP toolbox.  The nuts must be tightened until the wrench clicks, 

indicating the proper torque has been established.  The nuts in Figure 2.2.6 should 

be tightened in the order shown in the figure:  i, ii, iii, iv, v, and vi so as to ensure 

equal loading of the main vessel o – ring and secure tightening. 

12. After the nuts are tightened, make sure that ball valves C, E, and 45-47 are closed.  

A vacuum of 50 kPa will now be applied to the CAP to rid the interior of 

contaminants.  To apply the vacuum, open 55, 56, and 47, in that order.  The 

pressure gauge on the CAP should indicate a vacuum is being applied.  If after a 

few minutes, the gauge does not signify a vacuum, check again to ensure C, E, 

and 45-47 are closed, the nuts on the CAP lid are securely tightened, and the IPL 

compressed air line is properly functioning. 
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13. When the pressure gauge indicates -50 kPa, close 55, 56, and 47 in that order.  To 

pressurize the CAP, ensure the gas cylinders are connected to the appropriate 

valves, 46.  Open the desired 46 valve to start the flow of the desired gas, and 

close 46 when the desired pressure is achieved. 

14. To start slurry flow, first open B to purge V1 of any pressure.  Close B.  Open A 

and transfer 100-200 mL slurry into V1.  The slurry could be poured using a 

funnel or transferred with a pump.  Only a small volume of slurry is transferred to 

V1 because with the current apparatus, V1 is not stirred, only the vessel 

containing slurry open to the ambient atmosphere, SLU SUP, is stirred.  Close A. 

15. Ensure the appropriate inert gas cylinder is connected to 83 and ensure A, B, and 

C are closed.  Open 83 until the pressure gauge on V1 is approximately 100 kPa 

higher the pressure in the CAP main vessel.  Close 83. 

16. Open C and adjust D until a flow rate of 80 cc min-1, 0.18 gph on the rotameter, is 

achieved.  At this point, Step 8 can be performed to start the polish. 

17. After the desired polish time, turn the rotation control switch off (see Step 9).  

Close C.  Open E until the CAP pressure gauge reads approximately 0 kPa.  At 

this point the nuts securing the CAP chamber can be loosened with the torque 

wrench, weights and wafer carrier are removed, and the wafer is washed.  Ex-situ 

conditioning can then be performed as described in Step 10. 

18. For additional polishes in pressurized conditions, repeat Steps 7 and 11-17, in that 

order. 

 



  
 
 

118

A few additional comments are made here regarding proper CAP system operation and 

troubleshooting. 

 

• The air supply line in Figure 2.2.13 is directly plumbed into the high-purity 

compressed air line in the IPL. 

• All gas cylinders are housed in a cabinet.  The operator should ensure that the 

correct cylinders are connected to the proper positions on the gas manifold and 

the operator is competent in the use of gas cylinders and regulators. 

• Any pressurized polish is inherently dangerous.  For oxidizing gases such as air, 

ozone, or oxygen, the consequences are even more severe.  The operator should 

pay extremely close attention that the operating procedures outlined above are 

closely followed.  The operator should closely observe ALL polishes through the 

view ports on the CAP lid for the duration of each ENTIRE polish using a 

flashlight. 

• If the wafer comes out from underneath the wafer carrier or any other irregularity 

occurs, the emergency shut-off button on the control panel, Figure 2.2.10, should 

be pressed immediately. 

• Although goggles should always be worn in the laboratory, it is crucial to wear 

goggles while using the CAP.  It is also recommended that ear protection be worn. 

• Common causes for wafers slipping out from under the wafer carrier during 

polishing may include a worn template or worn O-rings on the wafer carrier 

rotation system.  Replacing these components is relatively inexpensive and fast. 
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• It was previously stated that the rotation of the platen and wafer carrier should be 

checked daily with a tachometer.  If the wafer carrier is not rotating at the desired 

velocity, it may be necessary to replace the platen-timing belt and/or the platen 

gear pulley.    
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CHAPTER 3 – ALTERNATIVE CMP CONSUMABLE EVALUATION 

 The goal of this dissertation is to highlight alternative planarization techniques for 

use in ILD and copper CMP.  The focus of Chapter 3 is to evaluate two alternative CMP 

consumables that relate to slurries and conditioners.  Section 3.1 primarily evaluates the 

use of four abrasive-free slurries developed by Hitachi Chemical Company Limited.  In 

addition, to simply evaluating the effectiveness of the slurries, some fundamental aspects 

of copper CMP are clarified by removing the abrasives from the system, that are later 

used in modeling efforts.   

 Section 3.2 introduces an alternative pad conditioning technology originally 

developed by Asahi Sunac Corporation for cleaning applications including post-CMP 

cleaning and flat panel display manufacturing.  The goal of this study is to compare using 

this high-pressure micro water jet (HPMJ) technology for pad conditioning to the 

traditional diamond disc conditioning.  An advantage of using the HPMJ for pad 

conditioning compared to diamond conditioning is the possibility of significantly 

increasing pad life.   
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3.1.  Abrasive-Free Copper CMP Slurry Evaluation 

This study employs real-time high-frequency frictional force analysis coupled with 

removal rate studies to quantify the extent of frictional forces encountered during copper 

polish using abrasive-free slurries and to establish the time-dependent tribological 

attributes of the process. The study also uses spectral analysis of the frictional force data 

to validate and explore the subtle characteristics of the formation and extinction of the 

copper complex layer known to play an integral role in abrasive-free copper chemical 

mechanical planarization (CMP).  It was found that copper removal rates are at least 

partially driven by coefficient of friction, which is similar to the case of ILD (interlayer 

dielectric) CMP.  Spectral analysis suggests that the periodicity of the copper complex 

layer formation and abrasion is approximately 10 ms. 

3.1.1.  Introduction 

Abrasive-free chemical mechanical planarization, CMP, has become an active 

area of interest in copper applications primarily due to its inherently low defect density, 

longer shelf life, improved process control, decreased dishing, and significantly lower 

amount of solid waste generation (Kondo et al., 2000 and Saitoh et al., 2002). Using 

several novel abrasive-free formulations developed for copper CMP, this study employs 

real-time high-frequency frictional force analysis coupled with removal rate studies to 

quantify the extent of frictional forces encountered during polishing and to establish the 

time-dependent tribological attributes of the process. The study also uses spectral analysis 

of the frictional force data to validate and explore the subtle characteristics of the 
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formation and extinction of the copper complex layer known to play an integral role in 

abrasive-free copper CMP (Kondo et al., 2000 and Saitoh et al., 2002). 

3.1.2.  Theory and Experimental 

3.1.2.1.  Tribology and Removal Rate Measurements 

A 1:2 scaled version of a Speedfam-IPEC 472 polisher was used for all experiments. 

The polisher and its associated accessories have been described in detail elsewhere 

(Philipossian a et al., 2002 and Lu et al., 2000). To measure the shear force between the 

pad and the wafer during polish, a sliding table was placed beneath the polisher.  The 

sliding table consisted of a bottom and a top plate that the polisher was set upon. As the 

wafer and pad were engaged, the top plate would slide with respect to the bottom plate in 

only one direction due to friction between the pad and wafer.  The degree of sliding was 

quantified by coupling the two plates to a load cell. The load cell was attached to a strain 

gauge amplifier that would send a voltage to a data acquisition board. The apparatus was 

calibrated to report the force associated with a particular voltage reading.  Polishing was 

performed on Rodel IC-1000 XY-grooved pads (no subpads were used). Prior to data 

acquisition, the pad was conditioned for 30 min using ultrapure water. Conditioning 

consisted of using a 100 grit diamond disk at a pressure of 3.5 kPa, rotational velocity of 

30 rotations per minute (RPM) and disk sweep frequency of 0.33 Hz.  Conditioning was 

followed by an 8 min pad break-in with a copper dummy disc and slurry. Copper 

substrates used for removal rate and friction analysis were 99.95% copper discs with a 

diameter of 100 mm. In all cases, polish time, tp, and frictional force acquisition time, T, 
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were kept constant at 120 and 30 s, respectively. Other experimental conditions included 

the following: 

 

• In-situ conditioning at 30 RPM and 20 oscillations per minute  

• Applied wafer pressures ranging from 9.6 to 27.6 kPa  

• Relative pad-wafer average linear velocities ranging from 0.31 to 0.93 m/s 

 

Four slurries, developed by Hitachi Chemical Company Limited, were tested. Table I 

summarizes some of the features of each formulation. Ingredients ‘A’ through ‘D’ could 

not be disclosed as per slurry supplier’s request. In all cases, the slurry flow rate was 

maintained at 80 cm3/min. 

 

Table 3.1.1:  Summary of slurry characteristics. 

Slurry Abrasive Oxidant Corrosion 
Inhibitor

Acid

I N/A Water A B

II N/A H2O2 A B

III Silica H2O2 A B

IV Silica H2O2 C D

Slurry Abrasive Oxidant Corrosion 
Inhibitor

Acid

I N/A Water A B

II N/A H2O2 A B

III Silica H2O2 A B

IV Silica H2O2 C D

SlurrySlurry Abrasive Abrasive OxidantOxidant Corrosion 
Inhibitor
Corrosion 
Inhibitor

AcidAcid

II N/AN/A WaterWater AA BB

IIII N/AN/A H2O2H2O2 AA BB

IIIIII SilicaSilica H2O2H2O2 AA BB

IVIV SilicaSilica H2O2H2O2 CC DD
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Slurry I served as the control formulation in this study. The only difference 

between Slurries I and II was their type of oxidant (i.e., hydrogen peroxide vs water).  In 

the case of Slurries III and IV, the only differences were the type and concentration of 

corrosion inhibitor and the organic acid components of the system. It should be noted the 

term ‘abrasive-free’ is used somewhat loosely in this study, since both Slurries III and IV 

contain abrasives. However, given that the abrasive content in these slurries was 

significantly lower than those of conventional abrasive-based formulations, these systems 

are assumed almost abrasive-free.  Slurry IV was formulated with a different type of 

corrosion inhibitor and a different type of organic acid in order to produce low shear 

forces during polishing (and hence, a lower value of COF). These characteristics were 

considered to be more suitable for low-k applications. 

3.1.2.2.  Sommerfeld Number 

To understand the dominant tribological mechanism during copper CMP, Stribeck curves 

are presented using a dimensionless grouping of CMP-specific parameters, called the 

Sommerfeld number, 

                          

                                              (3.1.1) 

 

where µ is the slurry viscosity, U is the relative pad-wafer average linear velocity, P is 

the applied wafer pressure, and δ is the effective fluid film thickness.  Determination of U 

and µ are fairly straightforward as the latter can be measured experimentally for a given 
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slurry, while the former depends on tool geometry and angular velocities of the wafer and 

the pad. Wafer pressure is defined as the applied down-force divided by the contact area 

between the wafer and the pad. To account for grooving, a dimensionless parameter, α, 

which represents the area of the up-features divided by the area of a flat pad, is used to 

scale the wafer pressure. Subsequently, applied pressure is divided by α (0.76 for the IC-

1000 XY-grooved pad) to determine the actual pressure experienced by the wafer. The 

final parameter necessary for calculating the Sommerfeld number is the effective slurry 

film thickness, which was estimated from the pad roughness, Ra, measured by stylus 

profilometry. 

 

(3.1.2) 

 

The groove depth, δgroove, was measured using calipers. Total uncertainty in estimating 

the Sommerfeld number was approximately 10% (Olsen, 2002). 

3.1.2.3.  Coefficient of Friction and the Stribeck Curve 

The coefficient of friction (COF) is defined as the ratio of the shear force to normal 

force: 

 

(3.1.3) 

 

The plot of COF vs. So is known as the Stribeck-Gumbel curve (referred to as Stribeck 

curve in this paper). The Stribeck curve gives direct evidence of the extent of contact 

groovea )1(R)( δ×α−+×α=δ

normal

shear

F
F
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between the pad, wafer and slurry components. When plotting COF vs. So, according to 

Ludema’s definition, three modes of contact can be envisaged, see Fig. 3.1.1 (Ludema, 

1996). The first mode is known as boundary lubrication where all solid bodies are in 

intimate contact with one another. Abrasive particles, if any, may be embedded in the pad 

or may directly press upon the wafer. The second mode of contact occurs at intermediate 

values of Sommerfeld number.  This regime is typically referred to as the partial 

lubrication regime where the wafer and the pad are not in intimate contact with one 

another everywhere on the wafer surface.  Some abrasives may be in contact with the pad 

or wafer, but much less than in the case of boundary lubrication.  A fluid film layer will 

develop partially separating the wafer and the pad. As the Stribeck curve undergoes a 

transition from boundary lubrication to partial lubrication, the slope of the line measuring 

COF becomes more negative.  Finally, the hydrodynamic lubrication mode of contact 

occurs at larger values of the Sommerfeld number.  In this regime, smaller values of 

removal rate and COF are common.  Furthermore, the fluid film layer separating the pad 

and the wafer is much larger than the roughness of the pad.  With a larger film thickness, 

very little contact exists between the wafer and pad. 
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Figure 3.1.1:  The generic Stribeck curve and the three modes of contact envisaged in 
CMP. 

 

3.1.2.4.  Spectral Analysis 

The measured unidirectional shear force as a function of time can be broken up into two 

components (a mean force component and a fluctuating force component) as 

 

.                                                            (3.1.4) 

 

The mean force, F, is used in calculating COF, as defined previously.  The measured 

unidirectional shear force function is converted into the frequency domain using the Fast 

Fourier Transform function in the National InstrumentsTM LabviewTM Version 6.0 

)t(fF)t(Fshear +=
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software package (Brigham et al., 1988).  The x-axis of each spectral plot has units of Hz, 

whereas the y-axis has units of amplitude.  

3.1.3.  Results and Discussion 

Figure 3.1.2 shows the Stribeck curves associated with each slurry formulation 

obtained at the above ranges of pressure and velocity. Frictional measurements were 

collected at a high frequency of 10,000 Hz.  In Fig. 3.1.2, regardless of the Sommerfeld 

number, Slurry I (average COF of 0.59) maintains the system entirely in ‘boundary 

lubrication’ (i.e., has a near-zero slope) while all other slurries exhibit different degrees 

of  ‘partial lubrication’ behavior. Recalling that Slurry I was the only formulation which 

did not contain hydrogen peroxide, it can be argued that the partial lubrication 

mechanisms detected using Slurries II, III and IV are likely due to the formation of a soft 

and possibly porous copper complex layer (Saitoh et al., 2002). The rapid and continuous 

formation and subsequent abrasion of this layer, which is shown to form only when 

hydrogen peroxide is added to the system (Kondo et al., 2000 and Saitoh et al., 2002), is 

assumed to cause the periodic partial separation between the wafer and the pad. 

Results also indicate that the extent of partial lubrication is greater for Slurry III 

compared to Slurry II as evident from the steeper negative slope associated with Slurry 

III. It is again noted that Slurry II contains small concentrations of silica abrasives. While 

the effect of silica content in the slurry was not studied in this investigation, the authors 

have previously reported significant increases in COF because of the addition of small 

amounts of silica abrasives to a pH-adjusted solution for interlayer dielectric (ILD) CMP 
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applications (Philipossian b et al., 2002).  In the case of Slurry IV, the lowest average 

COF (i.e., 0.47) and the greatest extent of partial lubrication (i.e., the steepest negative 

slope) are observed. It is believed that these characteristics are possibly due to the 

inherent properties of the specially formulated slurry.  
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Figure 3.1.2:  Experimental Stribeck curves for various slurry formulations. 

 

Figure 3.1.3 shows the effect of average COF, associated with H2O2-based slurry 

formulations, on copper removal rate. The latter is reported as Preston’s constant, which 

represents the slope of the straight-line fit to removal rate vs P×U data (Preston et al., 
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1927).  As a first approximation, results obtained using Slurries II and III indicate that 

addition of silica abrasive particles increases removal rate by 30% mostly by increasing 

the extent of abrasion between the pad and the wafer. For the same abrasive content, 

changing the chemical constituents of the liquid is shown to reduce removal rate by 45% 

partially due to the lubricating characteristics of new additives in Slurry IV. Preston’s 

constant for Slurry I is not plotted in Fig. 3.1.3, since negligible copper removal was 

observed in the absence of hydrogen peroxide.  
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Figure 3.1.3:  Relationship between COF and Preston’s constant for hydrogen peroxide 
containing slurries. 

 

Spectral analysis of real-time variance of frictional data obtained during polishing 

is used to help elucidate the fundamental aspects of material removal in terms of stick-

slip phenomena. It must be noted that random variations in friction force measurements 
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do not constitute stick-slip. When studying the tribology of CMP, stick-slip refers to a 

cyclic fluctuation in the magnitudes of friction force and relative velocity between the 

wafer and the pad. It is usually associated with a relaxation oscillation, which depends on 

a decrease in COF with increasing sliding velocity. Classical or true stick-slip, in which 

each cycle consists of a stage of actual stick followed by a stage of overshoot (i.e., slip), 

requires that the kinetic COF (i.e., the parameter being measured in this study) is lower 

than the static COF (i.e., corresponding to the maximum friction force that must be 

overcome to initiate macroscopic motion between the wafer and pad). In this study, the 

above criterion is certainly met. Another form of stick-slip can be due to spatial 

periodicity of the friction coefficient along the path of contact (i.e., pad grooves or 

microtrenches created on the surface of the pad due to the conditioner, or complex films 

forming and being abraded on the surface of the wafer).  While further studies are 

underway to distinguish among various types of stick-slip occurring during CMP, this 

study consolidates all stick-slip phenomena into one entity.   

The plots in Fig. 3.1.4 are typical representations of copper spectra.  It should be 

noted that no signals were detected beyond a frequency of roughly 150 Hz; therefore, the 

choice of a sampling frequency of 10,000 Hz was sufficiently large to avoid any aliasing. 

For simplicity, subsequent spectra shown in this study are truncated at 150 Hz.  The 

frequency scale in Fig. 3.1.4 can be divided into three ranges, a low range from 0 to 25 

Hz, a medium range from 25-65 Hz, and a high range from 65-125 Hz.  In the low range, 

the peak occurring at 1 Hz for the 0.31 m/s plot, Fig. 3.1.4(a), appears to split into a 

doublet that shifts in frequency to 2 and 6 Hz when the velocity is increased to 0.93 m/s, 
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Fig. 3.1.4(b).  This signal splitting/shifting is observed in approximately 95% of all tests.  

A series of peaks exist in the 25 to 65 Hz range that do not exhibit consistent behavior.  

At low velocities, these peaks have a low magnitude and increase in amplitude for the 

medium and high velocity tests.  The extent of this increase is not consistent, nor do they 

appear to demonstrate a pressure or velocity dependence other than that previously 

mentioned.  The origin and effects of these peaks are currently being investigated and 

will be addressed in a later publication.  As seen from the two plots in Fig. 3.1.4, the 

high-frequency peaks show a decrease in magnitude with an increase in velocity.  This 

behavior is observed in approximately 95% of all tests.  In addition, the peaks in the high 

frequency range also demonstrate a pressure dependency that will be discussed later.            
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Figure 3.1.4:  Typical copper spectra. 

 

For comparison, data associated with ILD experiments were analyzed under similar 

operating conditions as the copper experiments.  The ILD experiments used Rodel IC-
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1000 XY-grooved pads with Fujimi PL4217 slurry; all other controlled variables were 

consistent with those discussed in Section 3.1.2.  The plots in Fig. 3.1.5 are a typical 

representation of ILD spectra.  The same signal splitting and shifting in the low 

frequency range that was discussed for copper polishing is observed for ILD polishing.  

The second peak in Fig. 3.1.5(a) and the third in Fig. 3.1.5(b) occur at approximately 10 

Hz, neither of which exhibits consistent pressure or velocity dependency.  The inset of 

Fig. 3.1.5(b) shows a view of the 0-20 Hz frequency range only.  It should be noted that 

no peaks are observed for frequencies greater than 25 Hz in approximately 95% of all 

ILD experiments.                   
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Figure 3.1.5:  Typical ILD spectra. 

 

Due to the consistency of copper and ILD spectra in the low frequency range, the 

signal splitting/shifting is attributed to process kinematics such as wafer and platen 

velocities, eccentricity between pad and platen, and the pad grooving.  The midrange 
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frequency peaks (25-40 Hz for copper and ~10 Hz for ILD) were excluded from further 

analysis in this study because of no apparent dependency on process variables and are 

assumed unique phenomena associated with both copper polishing and ILD polishing.  

The spectra in these frequency ranges will be further studied in future experiments.  The 

remaining data of the spectral analysis in this study concerns the high-frequency data 

because the data appear to be unique to copper CMP and exhibit pressure as well as 

velocity dependence.  The absence of the high-frequency peaks in Slurry I, Fig. 3.1.6(a), 

compared to Slurry II, Fig. 3.1.6(b), under identical experimental conditions suggests the 

data in the high frequency range are dependent on the oxidant used in copper CMP.  

Given that no high frequency spectral data is observed in ILD polishing or in the control 

formulation (Slurry I), data in the high frequency range are assumed indicative of 

chemical phenomena unique to copper CMP.  These phenomena are most likely the 

formation and abrasion of the copper complex, which has been shown to have a thickness 

on the order of 100 Å (Kondo et al., 2000 and Saitoh et al., 2002).  Assuming this 

hypothesis is true, the data suggest that the periodicity of the copper complex formation 

and abrasion is approximately 10 ms. 
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Figure 3.1.6:  Comparison of high-frequency spectra for Slurries I and II. 

 

Figure 3.1.7 illustrates the pressure and velocity dependence of the high-

frequency data for Slurry III.  In the constant-velocity plot, Figure 3.1.7(a), the magnitude 

of the peaks increases as pressure increases.  The constant-pressure plot, Figure 3.1.7(b), 

exhibits the opposite trend.  Recalling Eq. 3.1.1, velocity is directly proportional to So 

and pressure is inversely proportional to So.  Referring to Figure 3.1.1 (the generic 

Stribeck curve), decreasing So shifts the tribological regime toward boundary 

lubrication, whereas increasing So shifts the tribological regime toward partial 

lubrication.  Therefore, the magnitude of the high frequency peaks appears to be 

inversely proportional to So.  Furthermore, decreasing the magnitude of the high-

frequency peaks increases the extent of partial lubrication. 
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Figure 3.1.7:  Comparison of the effects of increasing velocity and pressure on the high – 
frequency spectra. 

 

In order to verify this trend, the area of the high-frequency spectra was approximated 

using the trapezoid rule for all slurries and conditions tested for copper (Hughes-Hallet et 

al., 1994).  The results shown in Figures 8(a)-8(d) illustrate the effects of increasing one 

variable (either P or U) while holding the other constant.  The magnitude of the high-

frequency peaks, represented by the area under these peaks, increases with increasing 

pressure and decreases with increasing velocity.  Therefore inverse proportionality 

between So and the magnitude of the high-frequency peaks previously noted holds in the 

majority of cases.  
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Figure 3.1.8:  Quantifying the effect of increasing pressure and velocity on the area under 
high-frequency spectra. 

3.1.4.  Conclusions 

Real-time COF analysis has quantified the effects of both the type of oxidant 

used (hydrogen peroxide or water) and the small concentrations of silica abrasives on the 

tribological mechanism of copper CMP for abrasive-free slurries.  The addition of 

hydrogen peroxide results in lower values of COF and shifts the tribological mechanism 

toward partial lubrication.  Small concentrations of silica abrasives present in the slurry 
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are shown to increase the extent of partial lubrication and increase RR by approximately 

40% due to an approximate 20% increase in COF.  Therefore, copper RR is at least 

partially driven by COF, which is similar to ILD CMP (Olsen, 2002). 

High-frequency spectral analysis of real-time friction data has verified the 

presence of various tribological mechanisms that are consistent with Stribeck data.  The 

fact that the copper removal in Slurry I (the control formulation) is negligible compared 

to the hydrogen peroxide-based slurries coupled with the lack of high-frequency spectra 

associated with Slurry I and ILD CMP suggests that the copper complex formation and 

abrasion may be the cause of the high-frequency spectra.  Assuming this hypothesis is 

true, the data suggest that the periodicity of the copper complex formation and abrasion is 

approximately 10 ms.     



  
 
 

139

3.2.  High-Pressure Micro Jet Technology:  An Alternative to Conventional 

Diamond Disc Pad Conditioning 

The efficacy of an alternative to conventional diamond conditioning in chemical 

mechanical planarization (CMP) was evaluated in this study.  The high pressure micro jet 

(HPMJ) system sprays ultra-pure water (UPW) at pressures ranging from 10 to 20 MPa 

onto a CMP pad to clean the pad of slurry residue, remove embedded slurry particles, and 

re-establish pad asperities.  The system is employed in an ex-situ fashion and is compared 

to in-situ and ex-situ diamond conditioning as well as using no conditioning.  Real-time 

frictional force acquisition allows for coefficient of friction (COF) analysis, which 

indicates the extent of pad wear.  Removal rate analysis, SEM imagery, and pad surface 

profilometry are also used to evaluate HPMJ as an alternative conditioning technology.  

Removal rates significantly lower than those associated with diamond conditioning are 

obtained for the HPMJ system when UPW conditioning is directly followed by polishing.  

SEM imagery and pad profilimetry indicate these low HPMJ removal rates are due to 

differences in pad surface chemistry, not pad surface topography.  Experiments including 

a 30 second silicon wafer polish with slurry following HPMJ conditioning to re-establish 

pad surface chemistry were performed and result in removal rates that are comparable to 

those obtained using ex-situ conditioning.  The removal rates obtained using HPMJ 

conditioning for relative wafer-platen velocities of 0.31 and 0.62 m/s are 8% and 1% 

higher than those obtained using ex-situ diamond conditioning and 18% lower than those 

obtained using ex-situ diamond conditioning for 0.93 m/s.  The average COF values for 
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HPMJ conditioning using the intermediate silicon wafer polishes are 15% lower than 

average COF values associated with ex-situ diamond conditioning, suggesting a possible 

increase in pad life for the HPMJ system. 

3.2.1.  Introduction 

Chemical mechanical planarization (CMP) is a process of achieving local and global 

surface planarity in integrated circuits through combined chemical and mechanical means 

(Steigerwald et al., 1997).  Semiconductor fabrication is based on the principle of 

manufacturing multiple stacked layers each of which having a uniform thickness.  In the 

industry today, non-planar surfaces are the result of deposition of films such as inter-layer 

dielectrics (ILD) on previously patterned wafers.  Before the next layer can be deposited, 

the surface topography must be planarized using CMP.  During CMP with a rotary 

polisher, a rotating wafer is brought into contact with a rotating pad.  Slurry, usually 

containing nano-sized particles and chemicals, is delivered onto the pad during the CMP 

process.  The CMP pad is porous and contains exposed asperities.  During planarization, 

if the pad is not properly conditioned, the height of these asperities decreases, causing the 

rate of material removal to decrease accordingly. Pad conditioning is traditionally 

performed with diamond conditioning discs that clean the pad while maintaining its 

micro-roughness at a level that achieves desirable removal rates. There are several 

concerns associated with using diamond discs as follows: 
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• Significant pad abrasion occurs during diamond disc conditioning therefore 

reducing pad life. It has been shown that CMP polishing pads contribute 

approximately 16 percent of the total cost of ownership (COO) associated with 

the CMP process (Holland et al., 2002) and since conditioning partially 

contributes to the pad life, it would be desirable to investigate alternative 

conditioning technologies.   

• Diamond disc conditioning can create non-uniform thinning of the pad, which can 

translate into non-uniform contact pressures and polish rates on the wafer. 

Varying the horizontal speed of the diamond disc conditioner as it sweeps over 

the pad surface often controls the uniformity of the pad thickness.  

• Diamond disc conditioning is not effective in removing slurry residues, pad 

residues and polish byproducts that are embedded deep inside pad grooves thus 

clogging segments of the groove. This can dramatically change the surface 

properties of the pad (such as pad asperity heights, coefficient of friction and 

slurry retention capability) and can in turn adversely affect polish performance 

such as drops in polishing rate and increases in defect density.  

• Typically, diamonds are attached using a nickel electro-deposition process on the 

surface of a continuous or meshed metal disc. Slurries with aggressive 

chemistries, coupled with high shear forces encountered during conditioning, can 

degrade the bonding that holds the diamonds in place thus causing them to abrade 

away from the disc during polishing and causing catastrophic defects (both in 

terms of scratches and metal contamination) on the wafer (Kim et al., 2003). 
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Recently, to avoid these problems, metal discs are being coated by a chemical-

vapor deposited (CVD) diamond film. The diamond film can be finely etched to 

result in desired diamond abrasive patterns on the metal substrate. Same process 

can also be extended to coat metal discs with other ceramic materials such as 

silicon carbide or silicon nitride (Park et al., 2003).  

 

In this study, the efficacy of an alternative method to diamond conditioning was 

investigated for ILD CMP application.  The alternative technology utilized a high-

pressure micro jet (HPMJ) of ultra-pure water (UPW), which was ejected onto the pad 

surface.  This study employs removal rate analysis, frictional force measurements, 

scanning electron microscopy (SEM) and stylus profilometry to characterize the HPMJ 

technology in comparison with conventional diamond conditioning schemes.   

3.2.2.  Experimental   

A scaled polisher was used for all experiments. The experimental apparatus is 

shown in Figure 3.2.1 and is described in detail elsewhere (Rosales – Yeomans et al., 

2005).  
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Figure 3.2.1:  Experimental apparatus.



  
 
 

144

 

To measure the shear force between the pad and the wafer during polish, a sliding 

table was placed beneath the polisher.  The sliding table consisted of a bottom and a top 

plate that the polisher was set upon. As the wafer and pad were engaged, the top plate 

would slide with respect to the bottom plate in only one direction due to friction between 

the pad and wafer.  The degree of sliding was quantified by coupling the two plates to a 

load cell. The load cell was attached to a strain gauge amplifier that would send a voltage 

to a data acquisition board. The apparatus was calibrated to report the force associated 

with a particular voltage reading.  Frictional and removal rate data were taken on Rodel 

IC-1000 perforated pads (no sub-pads were used).  The wafers used were 100 mm silicon 

substrates with approximately 6000 Angstroms of thermal oxide. A Filmetrics F20 

reflectometer was used for ILD thickness measurements.  Average surface roughness, Ra, 

measurements were obtained using a Veeco Profilometer-Dektak 3ST.   

All diamond pad conditioning was performed at a pressure of 3.5 kPa, rotation 

velocity of 30 RPM, and disk sweep frequency of 0.33 Hz.  Prior to experimentation, the 

pad was conditioned for 30 minutes using UPW.  Initial UPW conditioning was followed 

by a 5-minute silicon wafer polish with slurry.  Multiple 1-minute silicon polishes were 

performed until stable frictional forces were achieved, at which time data acquisition 

would begin.  In all cases, polish time and frictional force acquisition time were kept 

constant at 120 and 30 seconds, respectively.  Fujimi PL-4217 slurry with 12.5 wt% 

fumed silica abrasive content was held constant at 80 cc/min for all experiments.  The 

ranges of applied wafer pressures and relative platen-wafer velocities used in this study 
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were 40-120 RPM (0.31-0.93 m/s) and 2-4 PSI, respectively.  These conditions are 

comparable to CMP industry standards.  The HPMJ system and its associated 

components are shown in Figure 3.2.2.   
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Figure 3.2.2:  HPMJ system and associated components. 
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The adjustable parameters (and the ranges within which the parameters were adjusted in 

this study) associated with the HPMJ system were as follows: 

 

• Fan angle (15 to 25 degrees) 

• Flow rate (1150 to 1650 cc/min) 

• Fluid pressure (12.5 to 20.0 MPa) 

• Nozzle to pad distance (10 to 80 mm) 

• Actuator angle (25 to 90 degrees) 

• Conditioning time (30 to 600 seconds) 

 

Pad conditioning was either performed in-situ or ex-situ.  The industry standard for 

diamond conditioning is in-situ where conditioning is done while polishing. This method 

is attractive due to the fact that in most cases it improves wafer throughput. Ex-situ 

conditioning, where conditioning is performed between one or more polishes, is used 

with specialty pads or other procedures that are not compatible with in-situ conditioning 

(Charns, 2003).  Ex-situ conditioning was performed for 2 minutes between each polish 

in all experiments.  HPMJ conditioning was performed ex-situ. This was due to the fact 

that UPW was used during HPMJ conditioning. If used in-situ, use of UPW would have 

major negative effects on the polishing process. The conditioning time for the HPMJ 

method was varied (see section on Results). The HPMJ system was compared to in-situ 

and ex-situ diamond conditioning as well as no conditioning. 
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3.2.3.  Background and Theory 

3.2.3.1.  Removal Rate 

Removal rates for inter-layer dielectric (ILD) CMP have been shown to be proportional 

to the product of applied wafer pressure, P, and the relative platen-wafer velocity, U.  

Preston originally noted this relationship for glass polishing, and the constant of 

proportionality is known as Preston’s constant, kpr.  The following relationship is known 

as Preston’s equation (Preston, 1927). 

 

opr RRxPxUkRR += ,                                         (3.2.1) 

 

where RRo is the material removal rate in the absence of applied pressure and velocity, 

also known as the static etch rate.  This general form of Preston’s equation can be 

simplified for ILD CMP by setting RRo equal to zero, because the static etch rate for ILD 

is approximately zero (Qin et al., 2004).  Removal rate data will be analyzed in such a 

fashion, and the associated Preston’s constants indicate removal efficiency. 

3.2.3.2.  Sommerfeld Number 

To determine the dominant lubrication mechanism during ILD CMP, Stribeck 

curves are presented using a dimensionless grouping of CMP-specific parameters, called 

the Sommerfeld number: 
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δ

µ
=

P
USo            (3.2.2) 

 

In the above equation µ is the slurry viscosity, U is the relative pad-wafer sliding 

velocity, P is the applied wafer pressure, and δ is the effective slurry thickness in the pad-

wafer region.  Determination of U and µ are fairly straightforward as the latter can be 

measured experimentally for a given slurry, while the former depends on tool geometry 

and angular velocities of wafer and the platen. It was assumed that µ was constant 

throughout this study.  Wafer pressure is defined as the applied down force divided by the 

apparent contact area between the wafer and the pad. Each pad type consists of a different 

surface area due to different groove designs, so each pad will experience a different 

pressure when subjected to the same down-force. To account for this, a dimensionless 

parameter,α, which represents the area of the up-features divided by the area to a flat pad, 

is used to scale the wafer pressure. Subsequently, applied pressure is divided by α to 

determine the actual pressure experienced by the wafer. The parameter α was calculated 

to be 0.88 for the perforated pad.  The final parameter necessary for the calculating the 

Sommerfeld number is the effective slurry film thickness. As an approximation, this was 

assumed equal to the surface roughness of the pad (Ra) as measured by a stylus profiler.  

This definition is slightly different from the definition in Eq. 3.1.2, however this 

difference does not affect determination of the dominant tribological regime, as the 

Stribeck curve will only be shifted to the left or right.  
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 aR≅δ      (3.2.3) 

3.2.3.3.  Coefficient of Friction (COF) and the Stribeck Curve 

COF is defined as the ratio of shear to normal force.  The plot of COF vs. the 

Sommerfeld number is known as the Stribeck curve and gives direct evidence of the 

extent of wafer-slurry-pad contact. The details concerning the Stribeck curve and its 

application to CMP are presented in Section 3.1.2.3. 

3.2.3.4.  Marathon Run Studies 

The first set of experiments performed was designed to emulate the polishing 

stress that a pad would experience during a 150-polish test. Figure 3.2.3 illustrates this 

experimental procedure. 
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Figure 3.2.3:  Marathon run procedure. 

 

The designations 1, 2 and 3 refer to the Stage No. in the study at which measurements 

were recorded.  For example, after the pad was broken-in and two ILD polishes had been 

performed, Stage 1 measurements were performed.  Stage Nos. 1, 2 and 3 included SEM 

imaging, surface profiling, removal rate measurements and COF analysis.  Note that 
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SEM imaging and surface profiling were performed after the second ILD polish in each 

stage.  The 120-minute silicon polishes were included to emulate the pad asperity 

flattening that would be expected after approximately 60 polishes without conditioning.  

This emulated a worst-case scenario ‘pad flattening’ since, in reality, conditioning would 

have accompanied these polishes. The pad lifetime simulation experiments were 

performed at a constant applied wafer pressure and sliding velocity of 2 PSI and 0.31 

m/s, respectively.   

The HPMJ system was compared to in-situ conditioning, ex-situ conditioning and no 

conditioning processes.  To establish the worst-case scenario for the HPMJ system, low 

droplet energy conditions were used.  The details of these conditions including droplet 

size distributions, average kinetic energy, and pressure distributions at the pad level are 

published elsewhere (Seike et al., 2005).  The low droplet energy conditions included the 

following: 

 

• Fan angle (25 degrees) 

• Flow rate (1150 cc/min) 

• Fluid pressure (12.5 MPa) 

• Nozzle to pad distance (80 mm) 

• Actuator angle (90 degrees) 

• Conditioning time (120 seconds) 
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3.2.4.  Results and Discussion 

3.2.4.1.  Marathon Run Studies 

Table 3.2.1 summarizes average COF, removal rate and surface roughness results 

at various stages as depicted in Figure 3.2.3. Average COF values associated with HPMJ 

are slightly lower than those associated with conventional diamond conditioning 

processes and approximately the same as using no conditioning.  Lower COF values 

suggest that the UPW conditioning may not abrade the pad as much as diamond 

conditioning, which means that the HPMJ system may have the potential to increase pad 

life.  A decrease in average ILD removal rate is observed with increasing number of 

polishes with all conditioning types.  However, the HPMJ system demonstrates removal 

rates that are consistently lower than even those associated with no conditioning. 
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Table 3.2.1:  Average COF, removal rate and micro-roughness results for various stages 
of the marathon study. 

653752399244060.0270.380HPMJ

753248091134960.0050.372Ex-situ Cond.

689143905285080.0230.378In-situ Cond.

254341971154140.0160.335No Cond.Stage 3:

677752671264340.0100.362HPMJ

597744006916510.0260.409Ex-situ Cond.

351044799466230.0240.485In-situ Cond.

3871490441034950.0130.330No Cond.Stage 2:

453452810194860.0160.383HPMJ

561650257206410.0210.374Ex-situ Cond.

424145542247500.0220.454In-situ Cond.

285945939375440.0130.358No Cond.Stage 1:

σRa (Å)Ra (Å)σRR
(Å/min)

RR 
(Å/min)

σCOFCOF

653752399244060.0270.380HPMJ

753248091134960.0050.372Ex-situ Cond.

689143905285080.0230.378In-situ Cond.

254341971154140.0160.335No Cond.Stage 3:

677752671264340.0100.362HPMJ

597744006916510.0260.409Ex-situ Cond.

351044799466230.0240.485In-situ Cond.

3871490441034950.0130.330No Cond.Stage 2:

453452810194860.0160.383HPMJ

561650257206410.0210.374Ex-situ Cond.

424145542247500.0220.454In-situ Cond.

285945939375440.0130.358No Cond.Stage 1:

σRa (Å)Ra (Å)σRR
(Å/min)

RR 
(Å/min)

σCOFCOF

 

 

The average surface roughness was measured following polishes with both in-situ 

diamond and no conditioning experiments and the measurements were taken after the 

conditioning in both the ex-situ diamond and HPMJ experiments.  The surface roughness 

averages associated with ex-situ diamond and no conditioning are comparable and both 

are consistently lower than those associated with in-situ diamond and HPMJ 

conditioning.  During polishing, pad asperities are flattened to some extent, so the surface 

roughness averages after polishing with no conditioning should be relatively low.  Even 

with in-situ conditioning, the surface roughness averages should be low because these 

measurements were taken after polishing, so the constant regeneration of pad asperities 
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by the conditioning disk during polishing is not reflected in the measurements.  High Ra 

values measured after ex-situ diamond conditioning is intuitive, since the only 

mechanical action immediately before the measurements are taken serves to regenerate 

pad asperities.  The high Ra values associated with HPMJ are of particular interest.  The 

removal rates associated with the HPMJ system were consistently lower than those 

associated with in-situ or ex-situ diamond conditioning, suggesting that the HPMJ system 

was not as efficient as diamond conditioning at preparing the pad surface for polishing.  

However, the Ra measurements suggest that the HPMJ is as efficient as ex-situ diamond 

conditioning in removing embedded slurry particulates, clearing slurry residue from the 

pad surface, and restoring pad asperities.  However, Ra measurements could be affected 

by slurry particles that were embedded in the pad or slurry residue that accumulated on 

the pad surface as well as pad asperities.  Figure 3.2.4 shows the SEM images of the pad 

at various stages in the marathon run study. These images were taken to verify that the 

HPMJ system is indeed effectively re-establishing the pad roughness and clearing the pad 

of debris. 
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(a) (b) (c)(a) (b) (c)  

Figure 3.2.4:  SEM images of pads at Stage No. 1 (top row) and Stage No. 3 (bottom 
row) for  (a) no conditioning; (b) ex-situ diamond conditioning; (c) ex-situ HPMJ 

conditioning.   

 

SEM images corresponding to Stage No. 1 for the various conditioning types reveal an 

obvious difference between using no conditioning and using ex-situ diamond or HPMJ 

conditioning.  With no conditioning, the pad asperities and pores are partially filled with 

debris after only two ILD polishes.  Using either of the ex-situ methods, the pad surface 

appears to be relatively free of debris.  At Stage No. 3 the no conditioning case 

demonstrates completely filled pores and asperities as well as slurry particulates.  The ex-

situ diamond case shows partially filled pores and asperities, but to a significantly lesser 

extent than no conditioning, with evidence of some slurry accumulation.  The pores and 

asperities in the HPMJ case appear similar to those using ex-situ diamond conditioning, 

and some slurry residue is present on the pad surface.  However, it is difficult to make 

clear distinctions between the ex-situ diamond and HPMJ cases.  Therefore, it can be 
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concluded that the Ra values measured are primarily due to variations in the pad surface 

topography, not accumulated debris.  SEM and Ra data suggest that the low removal rates 

associated with the HPMJ system are not an artifact of inadequate mechanical pad 

surface preparation.   

To determine the cause of these low removal rates, the COF and removal rate 

data from the pad lifetime study were analyzed in greater detail.  Previous studies 

(summarized in Figure 3.2.5) have shown that removal rate (which is proportional to 

Preston’s constant) and COF are linearly related (Rosales-Yeomans et al., 2005 and 

DeNardis et al., 2003).  Similarly, Figure 3.2.6 shows the relationship between removal 

rate and COF as measured in this study.  The data for no conditioning, ex-situ, and in-

situ diamond conditioning are consistent in the sense that higher COF values result in 

higher removal rates.   
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Figure 3.2.5:  Previously obtained relationship between removal rate, reported here as 
Preston’s constant, and average COF for ILD CMP (Rosales-Yeomans et al., 2005). 
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Figure 3.2.6:  Removal rate as a function of average COF obtained during the marathon 
run studies. 
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However, the HPMJ data deviate from this trend.  These data demonstrate COF values 

that are similar to those of ex-situ diamond conditioning, however the removal rates 

associated with HPMJ are much lower.  This means that the frictional forces incurred 

during polishing are similar for ex-situ diamond conditioning and HPMJ; and should 

therefore have similar removal rates as Figure 6.2.5 suggests, but this is in fact not the 

case.  This result coupled with the Ra data and SEM images suggest that the topography 

or physical state of the pad during polishing is not the cause of the low removal rates. 

HPMJ conditioning uses high-pressure UPW to clean the pad of debris and re-

establish asperities, however the UPW jet also removes most if not all of the chemistry 

associated with the slurry from the pad surface.  ILD CMP slurries are typically alkaline 

(Lu et al., 2002), and after HPMJ conditioning the pad surface is of approximately 

neutral pH as verified by litmus paper.  For this study, the next wafer polish was 

performed immediately after the HPMJ conditioning, and it takes time for the pad surface 

to re-saturate with slurry to the point where effective dissolution of abraded ILD can 

occur (Stein et al., 1999).  It is this alteration in pad surface chemistry that is assumed to 

be the primary factor contributing to the low removal rates observed with HPMJ 

conditioning, not the mechanical characteristics of the pad after HPMJ conditioning. 

3.2.4.2.  Pilot Wafer Studies 

Following the marathon run studies, the next phase included the use of a 30-second 

‘pilot’ silicon wafer polish after HPMJ conditioning to re-establish the pad surface 

chemistry without completely flattening the exposed pad asperities.  These results are 
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compared to experiments in which slurry is pumped over the rotating pad for 30 seconds 

after HPMJ conditioning (no pilot wafers are used) and ex-situ diamond conditioning.  

This phase also included a HPMJ conditioning time study to determine how HPMJ 

conditioning time affected the CMP process.  In an attempt to partially compensate for 

the pad asperity flattening during the pilot wafer experiments, high droplet energy 

conditions were used for the HPMJ system. The high droplet energy conditions used 

were: 

 

• Fan angle (15 degrees) 

• Flow rate (1650 cc/min) 

• Fluid pressure (20.0 MPa) 

• Nozzle to pad distance (10 mm) 

• Actuator angle (25 degrees) 

• Conditioning time (varied from 30 to 600 seconds) 

 

Table 3.2.2 summarizes the results of the conditioning time study.  Average COF 

decreases slightly as conditioning time is increased from 30 seconds to 10 minutes while 

average removal rates remain approximately constant over the range of conditioning 

times tested.  These results suggest there may be a slight pad life increase if HPMJ 

conditioning time is increased, however long ex-situ conditioning times are unacceptable 

in an industrial process.  As a result, a conditioning time of 30 seconds was used for the 

remainder of this phase. 
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Table 3.2.2:  Effect of HPMJ conditioning time on average removal rate and COF. 
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The applied wafer pressures and sliding velocities used in this phase were 2, 3 and 4 PSI 

and 0.31, 0.62 and 0.93 m/s, respectively.  Figures 3.2.7-8 summarize the COF and 

removal rate data, respectively.  Average COF values associated with HPMJ with and 

without using pilot wafers are 14 and 41 percent lower, respectively, than the average 

COF associated with ex-situ diamond conditioning.  It is difficult to interpret the removal 

rate data since it appears that the three data sets demonstrate different y-intercepts. This is 

likely because COF and removal rate are related and as seen in Figure 3.2.7 and COF 

values tend to vary significantly with Sommerfeld number.  However, as noted before, 

the y-intercept of a Preston’s plot for ILD CMP should be zero. 
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Figure 3.2.7:  Average COF results for ex-situ diamond conditioning, HPMJ 
conditioning with pilot wafers, and HPMJ conditioning without pilot wafers. 
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Figure 3.2.8:  Removal rate results for ex-situ diamond conditioning, HPMJ conditioning 
with pilot wafers, and HPMJ conditioning without pilot wafers. 
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It has been shown that the data in a Preston’s plot can be more accurately 

characterized if the data are analyzed based on relative wafer-platen velocity (Sorooshian 

a et al., 2005).  Figure 3.2.9 is an example of these representations for the three 

conditioning types considered.  The three trends appear to fit the data relatively well in 

spite of the fact that all fitted lines intercept the origin. The slopes of the fitted lines, 

which represent the Preston’s constants for the various relative wafer-platen velocities 

and conditioning types, are reported in Table 3.2.3.   

Experiments using HPMJ conditioning without pilot wafers but pumping slurry 

over the pad for thirty seconds before the next polish demonstrate the lowest overall 

removal rates.  The removal rates obtained using HPMJ conditioning with pilot wafers 

for relative wafer-platen velocities of 0.31 and 0.62 m/s are 8% and 1% higher, 

respectively, than those obtained using ex-situ diamond conditioning and 18% lower than 

those obtained using ex-situ diamond conditioning for 0.93 m/s.  The average COF 

values for HPMJ conditioning using pilot wafers are 15% lower than average COF 

values associated with ex-situ diamond conditioning. 
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Figure 3.2.9:  Removal rate results for (a) ex-situ diamond conditioning, (b) HPMJ 
conditioning with pilot wafers, and (c) HPMJ conditioning without pilot wafers, 

categorized by sliding velocity. 

 

Table 3.2.3:  Comparison of Preston’s constant (Pa-1) for the three different conditioning 
methods as a function of sliding velocity. 
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From the results above, it can be concluded that the low removal rates obtained 

with HPMJ conditioning alone in the marathon run studies can be attributed to the 

absence of the combination of slurry and polishing.  Two feasible possibilities exist that 

would explain higher removal rates obtained using pilot wafers and slurry.  One is the 

change in pad surface chemistry.  HPMJ removal rates using pilot wafers were higher 

than those using only slurry, suggesting that simply pumping slurry over a rotating pad 

with an initially neutral pH does not sufficiently re-activate the pad surface to yield 

removal rates comparable to ex-situ diamond conditioning.  However, a 30-second polish 

with slurry does sufficiently re-activate the pad surface yielding removal rates 

comparable to those associated with ex-situ diamond conditioning.  A second feasible 

explanation is that slurry particles are embedded in the pad using a pilot wafer polish.  

This would explain the higher removal rates using pilot wafers but negligible increases 

by pumping slurry over the pad surface.  To determine which of these explanations is 

correct, experiments using pH adjusted water and slurry in the HPMJ system will be 

conducted.  The 15% lower average COF value associated with HPMJ conditioning as 

compared to ex-situ diamond conditioning suggests the potential for increased pad life. 

3.2.5.  Conclusions 

HPMJ technology has the potential to effectively be used as a pad conditioning 

method.    Using HPMJ technology with UPW alone results in lower COF values than 

ex-situ or in-situ diamond conditioning; however the removal rates are significantly 

lower.  SEM imaging confirms that the pad surface after HPMJ conditioning is relatively 
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clear of debris and slurry after greater than 4 hours of polishing as compared to the pad 

surface after using no conditioning.  In addition, the pad surface of the HPMJ conditioned 

pad is similar to that of an ex-situ conditioned pad as verified by SEM imaging.  Pad 

surface profiling reveals that the surface roughness associated with HPMJ conditioning 

remains approximately constant over 4 hours of polishing and is higher than the surface 

roughness values associated with any of the conditioning types tested.  The low removal 

rates observed with HPMJ conditioning are therefore not due to insufficient removal of 

debris from the pad asperities.  These low removal rates can be attributed to either the 

radical change in pad surface chemistry after HPMJ UPW conditioning or the absence of 

slurry particles embedded in the pad.  For the next phase of experiments, two methods 

were evaluated to re-establish the pad surface.  The first consisted of polishing a pilot 

wafer for 30 seconds following HPMJ conditioning.  For comparison, experiments were 

performed pumping slurry over the pad for 30 seconds following HPMJ conditioning 

with no pilot wafer polishing.  These experiments were performed over a range of wafer 

pressures and velocities. The results indicate that HPMJ conditioning using a pilot wafer 

demonstrates similar removal rates to ex-situ diamond conditioning.   
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CHAPTER 4 – ALTERNATIVE CMP TOOL EVALUATION:  CAP 

 In this chapter, the focus is to evaluate a novel alternative CMP tool:  the 

controlled atmosphere polishing system (CAP).  The apparatus and operating procedures 

of this system were discussed in detail in Section 2.3.  Although the detailed driving force 

and principles of operation of the CAP are discussed in Section 2.3 and throughout this 

chapter, the overview of the system is a CMP tool that is entirely enclosed in a bell jar.  

This chamber is capable of being pressurized with one or a combination of any number of 

gasses.  The CAP system has been used for silicon polishing, but this work and 

associated publications are the first reports of using the system for copper CMP 

(DeNardis a,c et al., 2005).  A number of industrial advantages exist for using the CAP 

system including real-time control of slurry composition, which has the potential 

decrease the number of polish steps a given wafer must complete.  However, additional 

advantages of the CAP system lie in providing additional understanding of the copper 

CMP process.  Because copper CMP is generally known to be much more sensitive to 

changes in chemistry, the CAP system is an ideal candidate to study fundamental aspects 

of the process as gaseous components can be added to the slurry real-time during a polish 

in small controllable concentrations.  This chapter primarily highlights the effects of 

using gaseous additives compared to the use of traditional aqueous additives in copper 

CMP.   
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4.1.  Impact of Gaseous and Aqueous Additives on Copper CMP Using the 

CAP System 

The CAP system was used to determine the effects of various chamber gases on 

copper CMP in the presence and absence of NH4OH and H2O2.  Using 500-kPa oxygen 

or nitrogen has only slight effects on copper removal rates in the presence of 1 wt% 

H2O2.  Polishing without H2O2, performed with controlled oxygen partial pressure 

demonstrates removal rates that are 4X higher than using nitrogen.  Polishing using inert 

gases alone demonstrates an oxidant-starved system that reflects little dependence on 

wafer pressure or velocity.  Addition of NH4OH (pH 10) to experiments using oxidizing 

gases, such as oxygen and air, increases removal rates up to 3X.  Removal rates vary 

linearly with oxygen partial pressure using oxidizing gases for experiments using NH4OH 

at pH 10.  A trend indicating a transition from chemical to mechanical control is observed 

when NH4OH concentration is increased at constant oxygen pressure.  A copper removal 

mechanism in the presence of dissolved oxygen has been developed that highlights a 

build-up of oxidized copper at the wafer surface.  The ability to perform CMP in a 

pressurized gaseous environment has shown that copper removal is a process of 

mechanical removal, dissolution of abraded material, and copper-oxygen reactions at the 

wafer surface.   

4.1.1.  Introduction 

  Copper has essentially replaced aluminum and aluminum alloys as the 

interconnect material of choice in today’s integrated circuit (IC) manufacturing 
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processes.  This is due to the significantly lower resistivity of copper, as compared to 

aluminum or aluminum alloys, which decrease RC time delay (Steigerwald et al., 1997).  

Copper also demonstrates higher electromigration resistance than aluminum because of 

its significantly higher melting point (Murarka, 1993).  Copper interconnects are 

commonly implemented using the dual Damascene technique (Hu et al., 1995).  In this 

process, copper is deposited by chemical vapor deposition (CVD) or electroplating onto 

an etched interlayer dielectric (ILD) surface covered by a diffusion barrier layer.  The 

copper fills the etched trenches and vias as well depositing on the up-features.  This 

results in a non-planar surface that must be planarized before the next processing step.   

CMP achieves surface planarity through combined chemical and mechanical 

means.  During CMP with a rotary polisher, a rotating wafer is brought into contact with 

a rotating pad.  Slurry, usually containing nano-sized particles and chemicals, is delivered 

to the pad during CMP.  The pad is usually made of a porous material, such as 

polyurethane, and contains exposed asperities.  These asperities are re-generated by 

conditioning, either performed in-situ, while polishing, or ex-situ, between experiments.  

The slurry composition is crucial in maintaining an effective CMP process.  In metal 

CMP, the material removal is a result of cyclic chemical formation of a metal passive 

film and its subsequent mechanical removal (Tsai et al., 2003 and Kaufman et al., 1991).  

Copper CMP can be performed in acidic, neutral, or alkaline media.  In acidic media, 

such as HNO3, copper is etched directly from the surface leading to material removal.  

Pourbaix diagrams can be used to gain insight into the mechanism of copper removal in 

various pH and potential ranges.  Figure 4.1.1 is a Pourbaix diagram for the copper-water 
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system (Pourbaix, 1975).  At low pH, there is no copper oxide formation and at high 

potentials copper dissolves as Cu2+, while at low potentials copper is not susceptible to 

oxidation.  Whereas, at neutral to high pH, copper forms an oxide at high potentials. This 

oxide layer serves as a passivation layer that protects the surface from direct chemical 

etching.  Direct etching of the copper surface leads to pitting and increased dishing which 

both serve to decrease surface planarity (Tsai et al., 2003).  The passivation layer ensures 

that the copper in recessed areas will not be removed without direct mechanical abrasion 

by the pad.     
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Figure 4.1.1:  Pourbaix diagram of the Cu-H2O system.     
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Corrosion inhibitors, such as benzotriazole (BTA), can be added acidic slurries to form a 

passive film, which decreases direct chemical etching of the copper surface (Luo et al., 

1996). Unfortunately, the addition of BTA also serves to decrease removal rates in acidic 

media.  An advantage in using alkaline-based slurries is that passivation layers are the 

dominant forms of oxidized copper, eliminating the need for corrosion inhibitors. 

A significant amount of work has been done attempting to characterize the 

mechanisms associated with ammonia-based copper CMP.  Steigerwald et. al. have 

studied ammonia and ammonia-salt based alkaline CMP and have concluded that the 

mechanism for copper removal in this media is primarily mechanical abrasion, followed 

by chemical dissolution of the abraded material (Steigerwald a,b et al., 1995).  Ein-Eli et. 

al. concluded that CMP in ammonium hydroxide-based slurries is practically a process of 

copper mechanical removal only (Ein-Eli et al., 2003).  This conclusion was reached 

partially because CMP removal rates are more than two orders of magnitude higher than 

the corrosion rates measured in ammonium hydroxide based solutions.  Luo et.al. also 

studied copper CMP in ammonia-based slurries and have concluded that the process is 

primarily mechanical for similar reasons as Ein-Eli et. al (Luo et al., 1998, 1997).   

One common factor among the previous ammonia-copper CMP work is that 

experiments either depended on the dissolved oxygen from the ambient air or the addition 

of oxidizing salts to the slurry as the oxidants for the process.  These studies have shown 

the dependence of the copper removal rate on ammonia concentration or the oxidizing 

salt concentration, but the effect on dissolved oxygen concentration has not been studied 

in detail.  The development and manufacture of a controlled atmosphere polisher (CAP) 
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featuring a chamber capable of being pressurized with a variety of gasses has recently 

allowed the above study to take place.  The entire CMP system is enclosed in the 

chamber and polishing can be performed in pressurized or vacuum conditions.  The CAP 

system has been used to perform silicon polishing under pressurized and vacuum 

conditions with square substrates (1.5 mm x 1.5 mm x 0.7 mm) (Doi a,b et al., 2004).  In 

this work, the system has been modified to perform CMP on 100 mm wafers or discs to 

determine the effects of various chamber gases on copper CMP in the presence and 

absence of ammonia and hydrogen peroxide.  The driving forces for this study are as 

follows. 

 

• The dissolved oxygen concentration has not been an adjustable parameter in 

previous copper CMP studies and the results of such a study can provide further 

information regarding the mechanism of the process. 

• Performing CMP in the CAP allows for the slurry on the entire pad surface to be 

exposed to the gaseous additives.  In conventional CMP, the additives are in the 

slurry when it is ejected onto the pad.  It has been shown that abraded copper 

byproducts on the pad can react with the slurry as indicated by color changes of 

the slurry on the pad surface, possibly altering the slurry composition 

(Steigerwald a et al., 1995).  Maintaining a more constant slurry composition 

could lead to decreased within wafer non-uniformity (WIWNU). 

• Controlling the atmosphere above CMP also allows for the opportunity to rapidly 

alter the slurry chemistry during a polish.  By pressurizing with an additive, 
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oxygen for example, the oxygen concentration in the slurry will be increased; and 

conversely, if the oxygen pressure is decreased, the oxygen concentration will 

decrease in the slurry, theoretically decreasing removal rate.  This “point of use” 

chemical generation can possibly allow for converting two and three step 

polishing processes into a single step.  Even though ammonia is added to the 

system in this study as ammonium hydroxide, ammonia gas can be used in the 

CAP to produce similar effects without the need to add any aqueous additives to 

the base slurry.  This research may also allow for the opportunity of performing 

CMP with only water, abrasives, and gaseous additives. 
 

All previous ammonia-based copper CMP work has been based on corrosion and 

aqueous chemistry principles that govern the process.  Ammonia does not directly etch 

copper metal.  When copper metal is oxidized to either Cu+ or Cu2+, polar water 

molecules will surround the ion orienting themselves such that the partial negative charge 

on the water molecule is toward the positive metal ion.  This group of specifically 

oriented water molecules around a metal ion is known as an inner hydration sphere.  The 

water molecules partially shield the positive charge on the metal from other cations in 

solution, increasing its solubility. Many molecules, such as ammonia can replace the 

water molecules in the inner hydration sphere forming a complex with the metal ion 

(Benjamin, 2002).  Ammonia molecules are more effective at shielding the copper cation 

from other copper cations in solution than the water molecules and thus the ammonia-

copper complex has a higher solubility (Uhlig, 1985).  Figure 4.1.2 is an equilibrium 

diagram for the copper-ammonia-water system.   
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Figure 4.1.2:  Equilibrium diagram for the Cu-NH3-H20 system. 

 

Copper is effectively complexed by ammonia from approximately pH 5 to pH 11, 

depending on the potential of the system.  The potential at which copper is effectively 

complexed is relatively high at low pH and decreases with increasing pH until pH of 

approximately 9.6 where a minimum is reached.  This effect is an artifact of the 

equilibrium ammonia speciation as a function of pH.  Figure 4.1.3 is an ammonia 

speciation diagram as a function of pH.   
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Figure 4.1.3:  Equilibrium ammonia speciation as a function of pH. 

 

The pKa of NH4
+ is 9.25, therefore above this pH value, the dominant species is ammonia 

and below this pH, the dominant species is the ammonium ion, NH4
+.  Since NH4

+ does 

not complex copper, while NH3 does complex copper, the most effective copper 

complexing, and hence highest copper cation solubility, will occur above a pH of 9.25.     

In addition, the oxide forms of copper become dominant above a pH of 11, so between 

pH 9.25 and 11 is the range within which ammonia will complex copper the most 

effectively.  This is important because there is a drawback to ammonia-based copper 

CMP, the solubility of SiO2 increases drastically at a pH of 11 (Pourbaix, 1975).  This 

means that the ILD layer can be removed through etching if the slurry is above a pH of 

11.  Therefore, it is desirable to maintain the slurry pH at or below 10 in order to 

minimize the ILD etch rate while maximizing the ability of ammonia to complex copper. 
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4.1.2.  Experimental 

The CAP system was designed to house the entire CMP system in a pressure 

chamber.  A schematic of the CAP is shown in Figure 4.1.4.  The pressure range within 

which the CAP can operate is -0.3 MPa to 1.0 MPa.  The chamber is composed of 

stainless steel and is lined with a chemically resistant polymer coating.  Slurry is injected 

3 cm above the center of the pad by a diaphragm pump system and flow control valve, 

which is capable of maintaining constant slurry flow rates from 50 to 200 cc/min.   
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Figure 4.1.4:  Schematic of the CAP. 
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The inlet slurry reservoir is open to the atmosphere and is continuously stirred, and waste 

slurry is transferred to a separate pressure chamber.  Before a polish under pressure is 

performed, the chamber is securely closed and a Venturi-type vacuum of -50 kPa is 

applied to rid the chamber interior of contaminants.  The chamber is then pressurized 

using a direct feed from ultra-high purity grade gas cylinders to the desired pressure.  The 

24 cm diameter platen is controlled by a motor that protrudes through the bottom of the 

CAP chamber and is capable of rotating between 0 and 90 RPM.  The wafer carrier, 

originally designed for 76 mm wafers, has been modified in order to polish 100 mm 

wafers.  The original wafer carrier rotated freely with the platen.  This method was not 

compatible with 100 mm wafers because the wafer would not rotate at the desired 

velocity.  A series of gears and timing belts were installed such that the wafer and platen 

rotate at the same RPM (see Figure 4.1.5a).  The wafer carrier is rotated through a 

friction-type drive using O-rings.  The wafer pressure is applied with weights stacked on 

the wafer carrier.  The system is capable of polishing with applied wafer-pressures from 

3.5 to 22.0 kPa (see Figure 4.1.5b).  Figure 4.1.5c shows the slurry delivery system.    
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Figure 4.1.5:  (a) Wafer rotation control, (b) wafer pressure application, and (c) slurry 
delivery. 

 

In this study, substrates were 100 mm diameter, 0.46 mm thick, 99.9995% copper 

disks purchased from Plasmaterials, Inc.  Removal rates were calculated using the change 

in mass as measured by an ultra-sensitive Ohas Analytical Plus scale with 0.02 mg 

(standard deviation) accuracy.  It has been shown that removal rates demonstrated by 

copper discs calculated using the change in mass of the discs are comparable to using 

silicon wafers with TEOS, diffusion barrier layers, and CVD copper (Li et al., 2003).  All 

polishes were performed on Rohm & Haas IC1400 k-groove pads.  The base slurry used 

in all experiments was Fujimi PL7102, which was supplied to the pad at a constant flow 

rate of 80 cc/min.  The pad was conditioned in an ex-situ fashion.  Prior to 
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experimentation, the pad was conditioned for 30 minutes using UPW at a sliding velocity 

of 0.62 m/s. Initial UPW conditioning was followed by a 5-minute copper dummy polish 

with slurry.  Five 1-minute copper polishes with intermediate ex-situ conditioning were 

performed before data acquisition would begin.  The conditioner was a TBW Industries 

100 mm, 100-grit diamond disc with an applied down-force of 28 N.  The ranges of 

applied wafer pressures and velocities used were:  10.3, 17.2, and 22.0 kPa and 40, 60, 

and 80 RPM (0.26, 0.39, and 0.52 m/s), respectively.  Conventional CMP, performed 

when the chamber is open to the ambient air, is compared to pressurized CMP at 

pressures up to 500-kPa.  The effects of both oxidizing and inert gases were studied.  

Oxidizing gases used included air and oxygen and inert gases used included nitrogen and 

argon.  In all experiments, polish time remained constant at 2 min.   

4.1.3.  Results and Discussion 

4.1.3.1.  Gaseous Oxygen and Nitrogen with Aqueous Hydrogen Peroxide 

Conventional CMP was compared to CMP performed using 500-kPa oxygen and 

nitrogen.  Hydrogen peroxide (1 wt%) was added to the base Fujimi slurry, which is the 

recommended composition.  The experiments were performed over the ranges of applied 

wafer pressures and velocities previously mentioned.  Removal rate results are 

summarized in Figure 4.1.6 as a function of the product of applied wafer pressure and 

relative wafer-platen velocity.  This is a commonly represented functionality in CMP 

literature known as a Preston plot (Preston, 1927).  
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Figure 4.1.6:  Removal rates of conventional CMP compared to pressurized CMP in the 
presence of 1 wt% hydrogen peroxide (gage pressures shown).  

 

Pressurized CMP at 500-kPa with both oxygen and nitrogen may demonstrate slightly 

higher removal rates than conventional (open chamber) CMP.  However, it is difficult to 

observe specific differences between the nitrogen and oxygen experiments.  These results 

imply a slight mechanical advantage, if any, may exist when polishing at 500-kPa, 

however no clear conclusion can be drawn regarding the nature of the gaseous 

environment.  Specifically, it is unclear if the gas is sufficiently dissolving into the slurry 

such that it affects the chemistry of the copper removal process.  The relatively high 
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hydrogen peroxide concentration, approximately 0.3 M, could essentially mask the effect 

of any oxygen that dissolves in the slurry. 

4.1.3.2.  Gaseous Oxygen and Nitrogen without Hydrogen Peroxide 

To determine if gas used in the CAP dissolves sufficiently to affect the chemistry 

of the CMP process during a 2-minute polish, experiments were performed in the absence 

of hydrogen peroxide.  Experiments were performed at 10.3 kPa/40 RPM, 17.2 kPa/60 

RPM, and 22.0 kPa/80 RPM with 500-kPa nitrogen and oxygen.  These results are 

summarized in Figure 4.1.7. 
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Figure 4.1.7:  Comparing the removal rates associated with oxygen and nitrogen at 500-
kPa in the absence of hydrogen peroxide. 
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The removal rates demonstrated by both nitrogen and oxygen are significantly lower than 

those shown in Figure 4.1.6, suggesting that the high oxidant concentration resulting 

from the addition of 1 wt% hydrogen peroxide has significant effects on copper removal.  

However, in the absence of hydrogen peroxide, significant differences between removal 

rates associated with nitrogen and oxygen become apparent.  The removal rates obtained 

with nitrogen do not demonstrate a significant dependence on mechanical action.  This 

lack of removal rate dependence on PxU suggests that the process is chemically starved 

within the ranges of parameters tested.  The only oxidant in the slurry when polishing 

with pressurized nitrogen is dissolved oxygen in the slurry reservoir open to the ambient 

atmosphere.  As mentioned before, metal CMP is governed by the cyclic formation of a 

passive layer and its subsequent mechanical removal.  When adequate oxidant is present 

in the slurry, increasing the mechanical action, i.e. increasing PxU, should increase 

removal rate, meaning the re-passivation of the copper metal surface is fast compared to 

the mechanical removal.  Therefore, the concentration of dissolved oxygen present in 

slurry exposed to ambient atmosphere is not high enough to re-passivate the copper 

surface as fast as the passivation layer is mechanically removed, so the process is in a 

chemically starved regime.   

However, the removal rates demonstrated using oxygen at 500-kPa do exhibit 

PxU dependence (i.e. increased slope in Figure 4.1.7), suggesting that oxygen is 

dissolving into the slurry to an extent which it affects the copper removal process.  The 

fact that the removal rates demonstrate PxU dependence suggests that the process is no 

longer oxidant starved as it was with nitrogen at 500-kPa.  CMP using 500-kPa oxygen is 
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mechanically limited in the sense that the dissolved oxygen concentration in the slurry is 

sufficient to re-passivate the copper metal surface faster than the mechanical removal.  

However, the removal rates are significantly lower than those obtained when using 1 wt% 

hydrogen peroxide, showing that the copper removal rates are also dependent on oxidant 

concentration.  Therefore, the process is not entirely chemically or mechanically 

controlled; it is a combination of both.  In addition, experiments with and without 

hydrogen peroxide do not demonstrate the same PxU dependence.  If the data in Figure 

4.1.6 are regressed, the slope and y-intercepts obtained differ from those demonstrated in 

Figure 4.1.7.    

  It has been shown in previously published work (Sorooshian et al., 2004) that the 

y-intercept demonstrated in copper CMP Preston plots is related to the dynamic etch rate 

of copper.  The static etch rate is the chemical etch rate in the absence of mechanical 

action.  However, in CMP the shear force of the slurry across the copper surface 

contributes to copper removal in the absence of applied wafer pressure or velocity.  

Therefore, the y-intercept or the removal rate in the absence of applied wafer pressure or 

velocity is related to the dynamic etch rate.  As previously mentioned, the y-intercepts of 

Figures 4.1.6 and 4.1.7 significantly differ.  This difference in removal rate could be 

related to the difference in oxidant concentration because the thickness of the passivation 

layer formed is a function of oxidant concentration.  Using Henry’s Law, the aqueous 

oxygen concentration in contact with 500-kPa oxygen is 0.006 M at 25oC (Eq. 4.1.1).   
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This approximation assumes that gaseous oxygen and solution are in equilibrium and that 

the slurry solution can be modeled as water with an oxygen Henry’s constant of 790 bar 

mol L-1 (Benjamin, 2002).  The concentration of hydrogen peroxide in the slurry at 1 

wt% is 0.3 M.  The significant difference in oxidant concentration that exists between the 

hydrogen peroxide and the oxygen cases could account for the change in y-intercept.  The 

difference in slopes in these cases is more difficult to model, because a relationship exists 

between oxidant concentration and mechanical action (i.e. PxU).  The oxidant 

concentration dependencies of copper removal rate using controlled atmosphere polishing 

will be addressed in a separate publication. 

4.1.3.3.  Gaseous Oxygen, Nitrogen, Air, and Argon with and without Hydrogen 

Peroxide 

To compare the effects of oxidizing and inert gases on removal rate experiments 

were performed at a fixed PxU corresponding to 17.2 kPa and 60 RPM.  Polishing with 

oxidizing gasses should yield higher removal rates than inert gasses, but the extent of the 

difference is important to gain further understanding in how gaseous additives affect the 

copper CMP process.  Figure 4.1.8 shows the effects of the various gasses at 500 kPa 

with and without hydrogen peroxide. 
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Figure 4.1.8:  Removal rate results for oxidizing and inert gaseous additives at 500 kPa in 
the presence and absence of hydrogen peroxide.  

 

As previously observed, Figure 4.1.8 shows the significantly higher removal rates in the 

presence of aqueous hydrogen peroxide regardless of the gas used.  In the absence of 

hydrogen peroxide, polishing with oxygen yields the highest removal rates followed by 

air. This is intuitive because both gases contain oxygen.  Argon, nitrogen and open 

chamber CMP yield similar removal rates and are lower than using air or oxygen.  This 

observation suggests that copper removal rates do not increase in high-pressure 

environments alone; there must be an oxidant present in the gas to increase removal rates 

in the absence of aqueous oxidants.  When hydrogen peroxide is present, there is an 
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increase in removal rates in the 500 kPa environments for all gas types.  Given the 

variability in the data (error bars represent the range of removal rate measurements for 

three runs), it is difficult to make a clear distinction among the gas types.  The low 

removal rates in the hydrogen peroxide-free polishes imply that the dissolved oxygen 

concentration in the slurry is simply too low to produce removal rates comparable to 

peroxide-containing formulations.   

4.1.3.4.  NH4OH Addition 

To determine if the oxygen concentration in the slurry is the only limiting factor 

in the 500 kPa oxygen, hydrogen peroxide-free case, the addition of a copper complexing 

agent, ammonium hydroxide, to the base Fujimi slurry was evaluated.  As mentioned in 

Section 1, ammonium hydroxide complexes copper most efficiently while minimizing 

ILD etching at pH 10.  The concentration of ammonium hydroxide used was 0.15 M to 

achieve a pH 10 slurry solution.  This pH 10 solution was compared to two pH 8 

solutions:  0.02 M NH4OH and a 0.15 M NH4OH + HCl.  The first solution compares a 

lower NH4OH concentration at pH 8 to the pH 10 formulation.  The second compares 

equivalent total ammonia concentrations at different pH’s.  Both pH 8 cases should 

demonstrate minimized copper complexing, however it is of interest to compare different 

ammonia concentrations to quantify any effects due to ammonium concentration or ionic 

strength that may exist.  Figure 4.1.9 compares the pH 10 and pH 8 NH4OH Fujimi 

formulations to the base Fujimi slurry (with no additives).  All experiments in this section 

were performed at 17.2 kPa and 60 RPM.  Experiments performed in oxidizing and inert 
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pressurized environments at 500 kPa are compared to conventional (open) CMP.  Error 

bars represent the ranges of measurements. 
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Figure 4.1.9:  Removal rates for slurries with differing NH4OH concentrations and pH.   

 

The pH 8 and no additives (pH 7) formulations demonstrate similar trends 

indicating that differing ionic strength does not appear to have an effect on removal rates.  

The pH 10 results are also similar to pH 8 and no additive formulations for open and all 

pressurized polishes except oxygen and air.  Since results have indicated that open CMP 

and pressurized CMP with inert gases demonstrate similar removal rates, it is reasonable 

that the nitrogen, argon, and open results are similar in the pH 10 NH4OH experiments 

because NH4OH does not react with copper in the absence of an oxidizer.  The 500-kPa 

air experiments for pH 10 removal rate results are only slightly higher than removal rates 

associated with pH 8 and no additives.  Even though air is an oxidizing gas 
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(approximately 21% oxygen), the addition of an aqueous complexing agent to 

experiments in air at 500-kPa only slightly increases removal rates.  However, 

experiments in oxygen at 500-kPa with pH 10 NH4OH result in a 3X increase in removal 

rate.  The reason for the significant removal rate increase in the pure oxygen case 

compared to the slight increase in the air case is related to the partial pressure of the 

oxygen to which the slurry is exposed.  Table 4.1.1 illustrates selected experiment 

descriptions and the associated oxygen partial pressures, PO2. 

 

Table 4.1.1:  Oxygen partial pressures associated with pressurized CMP with oxygen and 
air. 

126500 kPa Air

21Open

500400 kPa O2

600500 kPa O2

PO2 (kPa)Description

126500 kPa Air

21Open

500400 kPa O2

600500 kPa O2

PO2 (kPa)Description

 

 

Note that the pressures given in the descriptions are gage pressures and PO2 refers to the 

total oxygen partial pressure.  Figure 4.1.10 illustrates the dependence of removal rate on 

oxygen partial pressure. 
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Figure 4.1.10:  Removal rate as a function of PO2 for pressurized CMP with oxygen and 
air in the presence of 0.15 M NH4OH at pH 10. 

 

The fact that copper removal rates vary linearly with oxygen partial pressure in 

the presence of NH4OH at pH10 suggests that the concentration of ammonia present in 

the slurry is sufficient to complex a fraction of the oxidized copper that reacts and is 

abraded from the surface.  These data also suggest that a lower concentration of NH4OH 

may be used to achieve similar removal rates because the system appears to be in an 

oxidant-limited regime.  In addition, the results in Figure 4.1.10 explain the low removal 

rates associated with air at 500 kPa in the presence of ammonia (pH 10).  Even though it 

appears that the air removal rates are low, when the oxygen partial pressures are 

accounted for (see Table 4.1.1), it becomes evident that the air experiments follow the 

same linear removal rate trend as the oxygen experiments (see Figure 4.1.10).   

The 3X increase in removal rates associated with 500 kPa oxygen experiments 

when NH4OH is present at pH 10 as compared to the pH 8 cases suggest copper 
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complexing by NH3 is responsible for the increase.  Since the composition of the base 

Fujimi slurry to which the NH4OH was added is unknown, it is of interest to quantify any 

effects there may be by increasing pH while holding the total ammonia concentration 

constant.  Therefore, experiments at pH 10 were performed using KOH instead of 

NH4OH (Figure 4.1.11).   
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Figure 4.1.11:  Copper removal rates in the presence of KOH. 

 

It is well known that increasing ionic strength can initiate silica particle aggregation and 

larger slurry particles could increase removal rates (Iler, 1979 and Oliver et al., 2004).  

However, these data indicate that the addition of an equivalent 1:1 electrolyte 

concentration, KOH, does not increase removal rates significantly as compared to the 

NH4OH addition at pH 10.  Therefore, it is reasonable to conclude that the complexing 

action of NH3 is responsible for the increased removal rates and any pH or ionic strength 
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effects alone are negligible.  It was suggested from Figure 4.1.8 that the low oxidant 

concentration resulting from dissolved oxygen or air was the reason for low removal rates 

compared to hydrogen peroxide containing formulations.  However, addition of NH4OH 

to polishes using 500 kPa oxygen increased removal rates from approximately 1000 to 

3100 Å/min.  This is only slightly lower than the removal rates using conventional (open) 

CMP with hydrogen peroxide, which were on the order of 4200 Å/min.   

4.1.3.5.  Changing NH4OH Concentration 

It has been shown that copper removal rates increase linearly with oxygen partial 

pressure until at least 500 kPa (gage) for a constant NH4OH concentration, suggesting 

that the system may be oxidant limited.  To determine if the oxidant concentration is the 

only limiting factor, it is of interest to quantify how copper removal rates are affected by 

increasing NH4OH concentration in the base Fujimi slurry while holding the oxygen 

partial pressure constant at 500-kPa.  For conventional (open) CMP, Luo et al. found 

copper removal rates to sharply increase with an increase in NH4OH concentration from 

0 to 0.3 wt% and then remain constant with further increases in NH4OH concentration 

(Luo et al., 1997).  The oxidizer in these experiments was dissolved oxygen from the 

ambient atmosphere.  In the presence of 500 kPa oxygen, copper removal rates vary quite 

differently with increasing NH4OH concentration (see Figure 4.1.12).  These experiments 

were performed at 17.2 kPa and 60 RPM. 
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Figure 4.1.12:  Copper removal rates as a function of NH4OH concentration. 

 

Removal rates increase relatively slowly from 0 to 0.5 wt%, more rapidly from 0.5 to 1.5 

wt% and then slower from 1.5 to 2.5 wt% NH4OH.  Error bars represent the range of 

measurements obtained at each PxU.    This trend may be indicative of a transition from a 

region of chemical control to mechanical control.  In the chemically controlled regime, 

the NH4OH concentration is too low to complex all of the copper oxidized by the 

dissolved oxygen.  A region of mechanical control would develop when the removal rate 

is independent of the NH4OH concentration (i.e. zero slope in Figure 4.1.12) because all 

of the oxidized copper that is mechanically removed is reacting with ammonia and 

moving away from the wafer surface.  Only when the mechanical action (i.e. PxU) is 

increased would removal rate increase in this regime.  Further evidence that these data 
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exhibit a transition from chemical to mechanical control is the fact that there appears to 

be more data scatter (as illustrated by error bars representing the range of measurements) 

in the transition region from chemical to mechanical control than at either of the extremes 

(low or high ammonium hydroxide content).  

4.1.3.6.  Proposed Copper Removal Mechanism Using Dissolved Oxygen 

Figure 4.1.13 is a schematic depicting the mechanism of copper removal in the 

presence of ammonia and dissolved oxygen.  The fact that removal rates dramatically 

increased upon the addition of a complexing agent while holding the oxidant 

concentration constant, suggests that oxidized copper, either Cu(I) or Cu(II), is building 

up at the wafer surface.  After the copper metal surface is oxidized, it is subsequently 

removed by mechanical abrasion caused by the pad asperities and slurry particles.  The 

oxidized copper seems to remain in the proximity of the wafer surface, possibly even re-

depositing, inhibiting further bulk copper oxidation and removal.  When NH4OH is added 

to the system at pH 10, the oxidized copper is bound by free ammonia creating a more 

soluble complex than either copper oxide or ionic copper and the complex moves away 

from the wafer surface (see Figure 4.1.13a).  As the complex moves away from the wafer 

surface into solution, additional copper sites at the wafer surface are available for 

oxidation and removal, hence increasing removal rates (see Figure 4.1.13b).  Therefore, 

the oxidant concentration is not the only limitation; the build-up or re-deposition of 

oxidized copper at the surface of the wafer is also a limiting factor in oxygen-based 

copper CMP. 
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Figure 4.1.13:  Proposed mechanism of copper removal in the presence of ammonia and 
dissolved oxygen.  (a) Ammonia reacts with oxidized copper and moves away from the 

surface (b) allowing additional copper at the surface to be oxidized. 

 

4.1.4.  Conclusions 

A controlled atmosphere polishing system (CAP) was designed and manufactured 

that is capable of polishing 100 mm copper wafers or disks.  Using 500 kPa oxygen or 

nitrogen has only slight effects on copper removal rates in the presence of 1 wt% 

hydrogen peroxide.  Without hydrogen peroxide, polishes performed using oxygen 

demonstrate removal rates that are 4X higher than using nitrogen.  Polishing using 

nitrogen alone with no hydrogen peroxide demonstrates an oxidant-starved system that 

reflects minor PxU dependence.  Removal rates are similar for nitrogen and argon as well 

as for conventional (open chamber) CMP in the absence of hydrogen peroxide verifying 

that polishing under gaseous pressure alone (no oxidant) has minimal effects on copper 

removal.  Addition of NH4OH (pH 10) to polishes using oxidizing gases, such as oxygen 
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and air, dramatically increases removal rates up to 3X.  NH4OH addition has no effect on 

removal rates for non-oxidizing gases or pH 8 polishes where NH4OH has minimal 

copper complexing ability.  Removal rates vary linearly with oxygen partial pressure 

using oxidizing gases for experiments using NH4OH at pH 10 suggesting that dissolved 

oxygen concentration is a controlling factor in copper removal.  A trend indicating a 

transition from chemical to mechanical control is observed when NH4OH concentration 

is increased using 500 kPa oxygen.  A copper removal mechanism in the presence of 

dissolved oxygen has been developed that highlights a build-up of oxidized copper at the 

wafer surface. Addition of a complexing agent increases the solubility of oxidized copper 

allowing it to transfer away from the surface.  This transfer allows additional copper sites 

to be oxidized and explains the dramatic increase in removal rates observed with NH4OH. 

Some of the conclusions reached in this work coincide with previous work 

performed by Steigerwald et al. and Luo et al.  However, the ability to perform CMP in a 

pressurized gaseous environment has shown that the copper removal process is not only a 

process of mechanical removal and dissolution of abraded materials.  Copper-oxygen 

reactions at the wafer surface play an integral role in the CMP process.  The rate-

determining steps in the copper removal process using dissolved oxygen include the 

surface reactions as well as mechanical abrasion and dissolution of the abraded material 

away from the wafer surface.  In addition, the fact that copper removal rates increase 3X 

with an increase in oxygen partial pressure verify the ability of the CAP system to 

dramatically alter slurry chemistry during a single polish. 
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CHAPTER 5 – CMP MODEL DEVELOPMENT AND EVALUATION 

5.1.  Modeling CMP Removal Rates Using Dissolved Oxygen in the CAP 

The CAP system was used to identify differences in copper CMP removal 

characteristics by changing oxygen partial pressure.  A two-step kinetic mechanism was 

proposed including copper surface passivation layer formation and subsequent removal.  

A semi-empirical two-parameter model has been developed to simulate removal rates for 

multiple wafer pressures, pad-wafer velocities, and oxygen concentrations.  The model 

accurately predicts removal trends with calculated RMS errors of 77-125 Å/min.  A 

major advantage of the CAP system is that a point-of-use (POU) gaseous oxidant was 

successfully used to polish copper substrates and slight changes in oxidant partial 

pressure were found to significantly affect removal rate trends. 

5.1.1.  Introduction 

The use of copper in today’s integrated circuit (IC) manufacturing processes is 

becoming increasingly more prevalent.  A number of factors account for this change 

including the significantly lower resistivity of copper as compared to aluminum and 

higher electromigration resistance than aluminum because of the higher melting point 

associated with copper (Steigerwald et al., 1997 and Murarka, 1993).  Copper 

interconnects are commonly implemented using the dual Damascene technique (Hu et al., 

1995).  In this process, copper is deposited by chemical vapor deposition (CVD) or 

electroplating onto an etched interlayer dielectric (ILD) surface covered by a diffusion 
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barrier layer.  The copper fills the etched trenches and vias as well as depositing on the 

up-features.  This results in a non-uniform surface that must be planarized before the next 

processing step.   

Chemical mechanical planarization (CMP) achieves surface planarity through 

combined chemical and mechanical means.  During CMP with a rotary polisher, a 

rotating wafer is brought into contact with a rotating pad with slurry on the surface.  

Experimentally adjustable parameters of the process include applied wafer pressure, 

relative pad-wafer velocity, and slurry flow rate as well as pad and slurry type.  The 

chemically active slurry, containing nano-sized particles, is delivered to the center of the 

pad.  The pad is usually made of a porous material, such as polyurethane, and contains 

exposed asperities.  These asperities are re-generated by diamond disc conditioning, 

either performed in-situ, while polishing, or ex-situ, between polishes.  The slurry 

composition is crucial in maintaining an effective CMP process.  In metal CMP, the 

material removal is a result of cyclic chemical formation of a metal passivation film and 

its subsequent removal (Tsai et al., 2003 and Kaufman et al., 1991).  Commercial copper 

CMP slurries contain many chemical additives including oxidizers, buffers, surfactants, 

and ligands.  A number of oxidizers have been studied for use in copper CMP including 

hydrogen peroxide (Chen et al., 2004 and DeNardis et al., 2003), potassium nitrate (Tsai 

et al., 2003 and Chen et al., 2004), potassium iodide (Du c et al., 2004), and sodium 

chlorate (Luo et al., 1997).  Hydrogen peroxide is the most common oxidant used in the 

industry today because it is an aggressive oxidizer, which results in generally higher 

removal rates and increased wafer throughput.  However, studying the effects of less 
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aggressive oxidants on copper CMP is of interest to provide fundamental knowledge of 

the chemical and mechanical characteristics that govern the process.  It is the goal of this 

study to observe and characterize the effects of dissolved oxygen on copper CMP.   

Some work has been performed where dissolved oxygen from the ambient 

atmosphere was the only oxidizer in the system (Luo b et al., 1997).  However a 

comprehensive study quantifying the effect of varying dissolved oxygen concentration on 

copper CMP has not been studied to date.  This is mainly because there was no CMP 

system capable of performing such experiments.  The development and manufacture of a 

controlled atmosphere polisher (CAP) featuring a chamber capable of being pressurized 

with a variety of gases has recently allowed the above study to take place.  The entire 

CMP system is enclosed in the chamber and polishing can be performed in pressurized or 

vacuum conditions.  The system has a number of general advantages over conventional 

CMP systems.  Performing CMP in the CAP allows for the slurry in contact with the 

atmosphere to be exposed to the point of use (POU) gaseous additives.  In conventional 

CMP, the additives are in the slurry when it is ejected onto the pad.  It has been shown 

that abraded copper byproducts on the pad can react with the slurry as indicated by color 

changes of the slurry on the pad surface, possibly altering the slurry composition 

(Steigerwald et al., 1997 and Luo et al., 1996).  Maintaining a more constant slurry 

composition may allow for observations in CMP characteristics to be made with very 

small changes in oxidant concentration that may not be noticeable using conventional 

pre-blended oxidant slurry mixtures.  
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The CAP system has been used to perform silicon polishing under pressurized and 

vacuum conditions with square substrates (1.5 mm x 1.5 mm x 0.7 mm).  The authors 

have also used this system to study the effects of using various gasses in copper CMP 

including oxygen, air, nitrogen, and argon with 100 mm copper discs (DeNardis a et al., 

2005).  That work focused on differences in removal rate among the gasses in the 

presence and absence of ammonium hydroxide, a copper ligand, and hydrogen peroxide.  

Significantly higher removal rates (up to 3X) were observed using CMP with 500 kPa 

oxygen than with any of the other gases verifying that dissolved oxygen significantly 

contributes to the process.  The focus of that work was on the chemical aspects of CMP, 

because applied wafer pressure and relative pad-wafer velocity were held constant.  

However, since increasing velocity and pressure can dramatically affect removal rates, 

the focus of this work is to study the effects of these factors as well as dissolved oxygen 

concentration on copper CMP.   

Pourbaix diagrams can be used to gain insight into the mechanism of copper 

removal in various pH and potential ranges.  Referring to Section 4.1, Figure 4.1.1 is a 

Pourbaix diagram for the copper-water system.  At low pH, there is no copper oxide 

formation and at high potentials copper dissolves as Cu2+, while at low potentials copper 

is not susceptible to oxidation.  At neutral to high pH, copper forms an oxide at positive 

potentials. This oxide layer serves as a passivation layer that protects the surface from 

direct chemical etching.  Direct etching of the copper surface leads to pitting and 

increased dishing which both serve to decrease surface planarity (Steigerwald et al., 
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1995).  The passivation layer ensures that the copper in recessed areas will not be 

removed without direct mechanical abrasion by the pad.     

A significant amount of work has been done characterizing copper CMP in acidic 

and alkaline media (Tsai et al., 2003, Luo et al., 1997, Luo b et al., 1997, Luo et al., 

1996, DeNardis a et al., 2005, Steigerwald et al., 2005, and Ein – Eli et al., 2004).  This 

study will focus on copper CMP at neutral pH where the dominant copper species at 

positive potentials are oxides.  Many studies have been conducted in this pH range where 

hydrogen peroxide was the oxidizer (Chen et al., 2004, DeNardis et al., 2003, Tsai et al., 

2005, Chen et al., 2004, and Du a et al., 2004).  Hydrogen peroxide-based systems are 

complicated to model from a chemical perspective because of the number of reaction 

pathways that are possible.  An advantage to modeling an oxygen-based system is that 

the number of pathways is minimized potentially allowing for a more predictable process.  

Models have been reported that adequately characterize the copper CMP system with 

varying concentrations of hydrogen peroxide and some of these models have been 

expanded to include the addition of ligands (Tharkurta et al., 2002, Paul et al., 2004, 

Borst et al., 2002, and Luo et al., 1998).  An undesirable result of some models is the 

number of fitting parameters required to complete the model, up to five fitting parameters 

have been used to characterize some systems.  Further, in some cases the mechanical 

conditions are held constant (i.e. pressure and velocity) and only one consumable set is 

tested (i.e. one slurry and one pad).  It is the goal of this study to develop and verify a 

semi-empirical model using multiple consumable sets, pressures, velocities, and oxidant 

concentrations to identify the unique characteristics of two different pads. 



  
 
 

200

5.1.2.  Experimental 

Referring to Section 4.1, a schematic of the CAP is shown in Figure 4.1.4.  The 

CAP system can operate in vacuum environments (0 to 0.3 MPa) or pressurized 

environments (0 to 1.0 MPa).  The chamber is composed of stainless steel and is lined 

with a chemically resistant polymer coating.  Slurry is injected 3 cm above the center of 

the pad by a diaphragm pump system and flow control valve, which is capable of 

maintaining constant slurry flow rates from 50 to 200 cc/min.  The inlet slurry reservoir is 

open to the atmosphere and continuously stirred.  The waste stream is transferred to a 

separate pressure chamber.  Before polishing under pressurized conditions, the chamber 

is securely closed and a Venturi-type vacuum of -50 kPa is applied to rid the chamber 

interior of contaminants.  The chamber is then pressurized using a direct feed from ultra-

high purity grade gas cylinders to the desired pressure.  It has been shown that 

performing CMP in a pressurized inert gaseous environment (nitrogen or argon) may 

demonstrate different effects than conventional CMP in open atmosphere (DeNardis a et 

al., 2005).  Therefore, all experiments in this study were performed in a 500 kPa gaseous 

environment.  The only components of the gaseous mixtures were nitrogen and oxygen.  

After a vacuum of 50 kPa was applied to the chamber; the system was pressurized with 

oxygen to yield the desired partial pressure.  The system was then pressurized with 

nitrogen to 500 kPa. 

  The 24 cm diameter platen is controlled by a motor that protrudes through the 

bottom of the CAP chamber and is capable of rotating between 0 and 90 RPM.  The 

wafer carrier is rotated through a friction-type drive using o-rings.  The wafer pressure is 
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applied with weights stacked on the wafer carrier.  The system is capable of polishing 

with applied wafer-pressures from 3.5 to 22.0 kPa.  The details of the wafer rotation 

system, wafer pressure application, and slurry delivery have been published elsewhere 

(DeNardis a et al., 2005).    

In this study, substrates were 100 mm diameter, 0.46 mm thick, 99.9995% copper 

disks purchased from Plasmaterials, Inc.  Removal rates were calculated using the change 

in mass as measured by an Ohas Analytical Plus microbalance with 0.02 mg (standard 

deviation) accuracy.  It has been shown that removal rates demonstrated by copper discs 

calculated using the change in mass of the discs are comparable to using silicon wafers 

with TEOS, diffusion barrier layers, and CVD copper (Li et al., 2003).  All polishes were 

performed on either Rohm & Haas IC1400 k-groove or IC1000/Suba IV stacked k-

groove pads.  The slurry used in all experiments was Fujimi PL-7102 (pH = 7 and mean 

particle size = 35 nm), which was supplied to the pad at a constant flow rate of 80 cc/min.  

The pad was conditioned in an ex-situ fashion.  Prior to experimentation, the pad was 

conditioned for 30 minutes using UPW at a sliding velocity of 0.62 m/s. Initial UPW 

conditioning was followed by a 5-minute copper disc polish with slurry.  Five 1-minute 

copper disc polishes with intermediate ex-situ conditioning were performed before data 

acquisition would begin.  The conditioner was a TBW Industries 100 mm, 100-grit 

diamond disc with an applied down-force of 28 N.  The ranges of applied wafer pressures 

and velocities used were:  10.3, 17.2, and 22.0 kPa and 40, 60, and 80 RPM (0.26, 0.39, 

and 0.52 m/s), respectively.  In all experiments, polish time remained constant at 2 min.  
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5.1.3.  Results and Discussion  

5.1.3.1.  IC400 k-groove Pad 

To determine how removal rates vary with dissolved oxygen concentration and 

the product of applied wafer pressure and sliding velocity in the CAP, experiments were 

performed at three pressure/velocity combinations:  10.3 kPa/40 RPM, 17.2 kPa/60 RPM, 

and 22.0 kPa/80 RPM at four oxygen partial pressures.  Removal rates throughout this 

study will be presented in angstroms per minute (Å min-1) as a function of the product of 

applied wafer pressure and sliding velocity, PxU (Pa m s-1).  A summary of removal rate 

results for the IC1400 k-groove pad is shown in Figure 5.1.1.  Error bars have been 

omitted here for clarity, but are shown for these data on later figures.  
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Figure 5.1.1:  Preston plots for IC1400 k-groove pad using various oxygen partial 
pressures at 500 kPa total pressure. 

 

It is clear from Figure 5.1.1 that removal rates obtained with nitrogen alone do not 

demonstrate a significant dependence on PxU.  This lack of removal rate dependence on 

PxU suggests that the process is chemically limited within the ranges of parameters 

tested.  The only oxidant in the slurry when polishing with pressurized nitrogen is 

dissolved oxygen in the slurry reservoir open to the ambient atmosphere, which is 

relatively low.  It was previously mentioned that metal CMP is governed by the cyclic 

formation of a passivation layer and its subsequent mechanical removal.  When adequate 

oxidant is present in the slurry, increasing the mechanical action, i.e. increasing PxU, 
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increases removal rate, illustrating that the re-passivation of the copper metal surface is 

fast compared to the mechanical removal.  Therefore, the observed trend at 500 kPa 

nitrogen demonstrates pure mechanical removal and static dipping experiments in slurry 

verified there was negligible removal in the absence of an oxidizer.  The lack of oxidant 

in the slurry results in a removal rate trend with a zero slope. 

However, the trends in Figure 5.1.1 for oxygen containing solutions all exhibit 

PxU dependence.  These data indicate the oxygen that dissolves in the slurry on the pad 

surface is sufficient to significantly alter removal rate trends.  In addition, there are 

discernable differences among the three oxygen-containing solutions.  If the data were 

linearly regressed, it becomes evident that both the slope and y-intercept increase as the 

partial pressure of oxygen is increased.  Even though the data sets can be regressed, there 

is no reason to assume that the trends are linear.  In fact, it has been shown that copper 

CMP results in many cases demonstrate non-Prestonian behavior (Kao et al., 2003 and 

Wrschka et al., 2000).  Therefore, it is of interest to understand the removal rate behavior 

of oxygen containing slurries.   

5.1.3.2.  Model Development and Evaluation 

The basis of this model is a two-step sequential removal mechanism, which has 

been used in the past to describe inter-layer dielectric (ILD) CMP (Sorooshian a et al., 

2005), low-k dielectric CMP (Borst et al., 2002), as well as metal CMP (Paul et al., 2000, 

ibid., 2001, and Stein et al., 1999) .  However there will be slight differences that make 

the model unique to oxygen based copper CMP.  The first step consists of the formation 

of an oxidized copper passivation layer on the wafer surface.  The second step refers to 
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the removal of the passivation layer by pad asperities and slurry components.  The overall 

mechanism proposed is: 

CuOXCuOXOXCu
*
21 k*k̂ ⎯→⎯⎯→⎯+                              (5.1.1) 

where CuOX* refers to oxidized copper on the surface of the wafer and CuOX refers to 

oxidized copper that has been removed from the wafer surface.  The mechanism can be 

separated into two steps:  the rate of passivation layer formation (R1) and the rate of 

removal of this layer (R2*). 

)1(Ck̂R 11 θ−=                                                  (5.1.2) 

θ= *
2

*
2 kR                                                       (5.1.3) 

R1 is defined as the rate of passivation layer formation per unit area (mol Å-2 min-1) and 

R2* is defined as the removal rate of oxidized copper per unit area (mol Å-2 min-1).  The 

fraction of occupied surface sites on the copper wafer surface available for oxidation is 

denoted as θ and C denotes to the molar oxidant concentration (mol L-1).  Assuming first 

order kinetics, (Thakurta et al., 2002, Borst et al., 2002, and Li et al., 2004)), the units of 

1k̂ and k2* are reported in (L Å-2 min-1) and (mol Å-2 min-1), respectively.  Applying a 

quasi-steady-state assumption on CuOX*, meaning that the amount of oxidized copper on 

the wafer surface as a function of polish time is approximately constant, an expression for 

the removal rate of copper (RR) can be obtained using the molecular weight (MW) and 

density (ρ) of copper. 

C
k̂
k

CkMWRR

1

*
2

*
2

+
⋅

ρ
=                                              (5.1.4) 
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  Assuming a Henry’s Law relationship between the liquid slurry on the pad surface 

and the gaseous environment, C is estimated.  The Henry’s constant used is 790 bar mol 

L-1, however it should be noted that this value is for water at 20oC (Benjamin, 2002).  It is 

known that Henry’s constants tend to decrease with increasing temperature and ionic 

strength, so C calculated here may be higher than the actual oxygen concentration. The 

only two unknowns in Eq. 5.1.4 are 1k̂  and k2* and given RR data as a function of PxU 

and C, these parameters can be obtained graphically.  Inverting Eq. 5.1.4 and rearranging 

yields: 

*
21 k

1
C
1

k̂
1

RR
1

ε
+⋅

ε
=                                             (5.1.5) 

where, ε is equal to MW divided by ρ.  Eq. 5.1.5 is a linear form of Eq. 5.1.4, which can 

be easily used to find 1k̂  and k2* by plotting RR-1 as a function of C-1 (see Figure 5.1.2). 
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Figure 5.1.2:  Fit of removal rate data to Eq. 5.1.5.  Each data series represents a unique 
PxU combination. 

 

 
The slopes and y-intercepts in Figure 5.1.2 can be used to calculate 1k̂  and k2* as a 

function of PxU (see Figures 5.1.3 and 5.1.4).   
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IC 1400 K-Groove:  k1 as f(PxU)
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Figure 5.1.3:  Calculated 1k̂  values as a function of PxU for IC1400 k-groove pad. 
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IC1400 K-Groove:  k2 as f(PxU)
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Figure 5.1.4:  Calculated k2* values as a function of PxU for IC1400 k-groove pad. 

 

Recall that k2* is the rate constant for passivation layer removal and by definition should 

increase with increasing PxU.  However, there is no explicit relationship defined between 

1k̂  and PxU in the model development.  The general increase in 1k̂  with increasing PxU 

may be due to the increase in temperature with PxU.  As PxU is increased, it can be 

supposed that friction would increase, which would generate heat.  Unfortunately, the 

current CAP system is not capable of measuring the pad surface temperature during 

CMP.  However, it has been shown that for copper (Li et al., 2004) and ILD (Sorooshian 

b et al., 2005) CMP pad surface temperature increases with increasing PxU.   
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Alternatively, it can also be argued that an average value of 1k̂  can be calculated from 

Figure 5.1.3 and used to model the system.  Both models, using constant and variable 1k̂  

values are compared with data in Figure 5.1.5. 
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Figure 5.1.5:  Comparison of models using a constant value for 1k̂  (solid line) and values 
of 1k̂  that vary linearly with PxU (dashed line) with experimental results for IC1400 k-

groove pad. 

 

The error bars in Figure 5.1.5 represent the range of measurements obtained for up to 

four experiments.  The root mean squared error (RMS) for the variable 1k̂  model is lower 

than the RMS associated with the constant 1k̂  model by 24 Å/min.  However, given the 
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range of measurements observed at each PxU this difference is not significant.  Overall, 

it can be concluded that the kinetic model developed predicts the data well for the PxU 

combinations and oxygen partial pressures tested for this pad type.  It is important to 

realize that even though the model predicts the data well with this initial data set, it is 

crucial to subject the model to a more complete data set that includes additional PxU 

combinations.  It is also of interest to test the model using a different pad to quantify any 

differences that may exist. 

5.1.3.3.  IC1000/Suba IV k-groove Pad 

The Rohm & Haas IC1000 and IC1400 k-groove pads have identical concentric 

circle groove spacing, depth, and width.  Both pads have the same porous polyurethane 

surface layer, however the underlayer (i.e subpad) of each pad is different.  The 

composite IC1400 pad has a closed-cell polyurethane foam subpad while the stacked 

IC1000 has a non-woven polyurethane impregnated polyester Suba IV subpad.  

Experiments were performed for applied wafer pressures of 10.3, 17.2, and 22.0 kPa and 

relative pad-wafer velocities of 40, 60, and 80 RPM.  The oxygen partial pressures tested 

were 500 kPa, 400 kPa, and 250 kPa at a constant total pressure of 500 kPa.  The same 

procedure outlined in Section 5.1.3.2 was followed here to determine 1k̂  and k2* as a 

function of PxU (see Figures 5.1.6 and 5.1.7). 
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IC 1000 K-Groove:  k1 as f(PxU) 
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Figure 5.1.6:  Calculated 1k̂  values as a function of PxU for IC1000 k-groove pad. 
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IC1000 K-Groove:  k2 as f(PxU) 
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Figure 5.1.7:  Calculated k2* values as a function of PxU for IC1000 k-groove pad. 

 

A similar relationship between k2* and PxU for the IC1400 pad is observed here for the 

IC1000 pad.  The data demonstrate a linear trend, which intersects the origin.  However, 

the calculated 1k̂  values do not demonstrate a consistent relationship with PxU, although 

the trend is increasing in general.  Therefore, an average value of 1k̂  was used for 

modeling.  Figures 5.1.8-10 compare the removal rate data as a function of PxU for three 

oxygen partial pressures to the model. 
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IC1000 K-Groove:  250 kPa O2-250 kPa N2
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Figure 5.1.8:  Evaluation of constant 1k̂  model for IC1000 k-groove pad using 250 kPa 
O2-250 kPa N2. 

IC1000 K-Groove:  400 kPa O2-100 kPa N2
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Figure 5.1.9:  Evaluation of constant 1k̂  model for IC1000 k-groove pad using 400 kPa 
O2-100 kPa N2. 
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IC1000 K-Groove:  500 kPa O2
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Figure 5.1.10:  Evaluation of constant 1k̂  model for IC1000 k-groove pad using 500 kPa 
O2. 

 
 

As these figures illustrate, the model predicts the data well with RMS error values of 111, 

125, and 77 Å/min for oxygen partial pressures of 250, 400, and 500 kPa, respectively.   

 

5.1.3.4.  Comparison of the Stacked IC1000/Suba IV and IC1400 k-groove Pads 

The fact that the model fits the data for the two pads tested is encouraging, 

however the true utility of the model allows for a direct comparison of the two pads.  The 

constant 1k̂  model is used, so that there are only two fitting parameters for each pad type 

to model all PxU combinations and gas phase compositions.  Figure 5.1.11 shows the 

predicted model trends for various oxygen partial pressures using the two pads.   
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Figure 5.1.11:  Simulation comparison of IC1400 and stacked IC1000/Suba IV k-groove 
pads.  A constant value of 1k̂  is used for each pad.  The fraction of oxygen in the gas 

phase is denoted as f where the total pressure in all cases is 500 kPa (i.e. 400 kPa O2-100 
kPa N2 corresponds to f=0.8). 

 
The main differences between the two pads are the removal rate differences 

between the lowest and highest oxygen partial pressures.  The IC1400 simulation 

demonstrates a maximum removal rate difference of approximately 800 Å/min, while the 

maximum difference in the IC1000 model is 550 Å/min.  This observation shows that the 

IC1000 is less dependent on oxygen partial pressure than the IC1400.  To characterize the 

differences between the two pads, the two fitting parameters for each pad are compared.  

These fitting parameters are associated with each of the two steps in the proposed 
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mechanism.  The fitting parameter for the passivation layer formation is 1k̂ , because an 

average value was used for both pad simulations.  However, the fitting parameters 

associated with the layer removal are actually the slopes of the linear trends in Figures 

5.1.4 and 5.1.7 for the IC1400 and IC1000 pads, respectively.  This parameter, β, is 

reported in units of Pa-1 for simplicity.  The rate constants for passivation layer removal, 

k2, are also reported along with the ratio of k2* to 1k̂  for three PxU combinations in 

Table 5.1.1. 

Table 5.1.1:  Comparison of model parameters ( 1k̂  and β) for Stacked IC1000/Suba IV 
and IC1400 k-groove pads.  The passivation layer removal rate constant (k2*) and the 

ratio of the rate constants (k2*/ 1k̂ ) are also calculated as a function of PxU. 

k1avg (x1020) β (x1013) PxU k2* (x1020) k2*/k1

(L A-2 min -1) (Pa-1) (Pa m s-1) (mol A-2 min-1) (mol L-1)
IC1000 8.77 1.90 2952 0.0047 5.40E-04

7379 0.0118 1.35E-03
12593 0.0202 2.30E-03

IC1400 4.79 3.25 2952 0.0081 1.69E-03
7379 0.0203 4.24E-03
12593 0.0346 7.23E-03

^ ^

 

 

Note that for a process controlled by passivation layer formation, 1k̂  should be 

low and for a process controlled by the layer removal, k2* should be low.  The simulation 

trends show that the IC1000 is less dependent on the oxygen partial pressure than the 

IC1400, meaning the 1k̂  value associated with the IC1400 should be lower than that of 

the IC1000 and this is verified in Table 5.1.1.  Similarly, since the IC1000 is less 
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dependent on oxygen partial pressure, and therefore less dependent on passivation layer 

formation, it should be more dependent on the removal of the passivation layer, 

demonstrating lower k2* values than the IC1400.  The last important component in Table 

5.1.1 is the ratio k2*/ 1k̂ .  Recalling Eq. 5.1.4, if the ratio k2*/ 1k̂  is small compared to C, 

then the governing removal rate equation reduces to: 

*
2kRR ε=                                                       (5.1.6) 

which indicates a process entirely controlled by the removal of the passivation layer and 

has no dependence on C.  Conversely, if k2*/ 1k̂  is large compared to C, Eq. 5.1.4 reduces 

to: 

Ck̂RR 1ε=                                                     (5.1.7) 

which indicates a process entirely controlled by the passivation layer formation and 

would therefore exhibit no PxU dependence.  The concentration of dissolved oxygen for 

the gas phase compositions tested is O(10-3) mol/L, so considering the values in Table 

5.1.1, the ratio k2*/ 1k̂  is never small or large compared to C.  This observation suggests 

that the process is not entirely controlled by passivation layer formation or the removal of 

this layer.  The changes in 1k̂  and k2* values support the observations in the data that the 

IC1000 pad is less dependent on oxygen concentration than the IC1400.  The agreement 

of the model with data supports the fact that the two-step removal mechanism proposed 

along with the associated assumptions is sufficient to describe the removal rate process in 

the presence of dissolved oxygen.  Therefore, the differences between the IC1000 and the 

1C1400 pads are examined to identify reasons for the changes in 1k̂  and k2*. 
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Since the groove type, spacing, pitch, and depth are the same for the two k-groove 

pads; the differences in removal rate characteristics must be attributed to differences in 

the pad underlayers.  Figure 5.1.12 shows cross-section scanning electron microscope 

(SEM) imagery of the two pads and reveals that the IC1400 has a higher void fraction 

than the IC1000, suggesting that the IC1400 is more compressible. 

1 mm 1 mm
(b)(a)

1 mm1 mm1 mm1 mm 1 mm1 mm1 mm
(b)(a)  

Figure 5.1.12:  Cross-section SEM imagery of the IC1000 and IC1400 pads. 

 

To quantify the compressibility of the pads, pad characterization data was provided by 

Nitta Haas, Inc. in the form of a modified compressibility (η) defined as 

( )10 TT1000 −⋅=η                                                   (5.1.8) 
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where η has units of µm.  The initial thickness of the pad under an applied load of 641 

g/cm2 is To and the final thickness under an applied load of 5161 g/cm2 is T1.  It should 

be noted that these data were obtained under dry pad conditions.  The stacked 

IC1000/Suba IV demonstrates η = 70µm, while η = 86µm for the IC1400, verifying that 

the IC1400 is more compressible.  Another characteristic that would further decrease the 

compressibility of the IC1000 pad stems from the nature of the Suba IV subpad 

microstructure.  The porosity of the Suba IV subpad is an open-cell structure, allowing 

slurry to soak into the subpad.  If the Suba IV subpad were saturated with slurry, the 

measured compressibility may be even less than noted above under dry conditions.  The 

closed-cell foam structure of the IC1400 under layer prevents slurry from soaking into 

the pad.  Since the IC1400 has higher compressibility than the IC1000, it can be 

conceptualized that the wafer, under an applied load, will be pressed further into the 

IC1400 than the IC1000 in a fashion illustrated in Figure 5.1.13.   
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Figure 5.1.13:  Deformation of the IC1000 and IC1400 pads during CMP. 

 

The higher compressibility of the IC1400 implies that the slurry film thickness between 

the wafer and the pad would be smaller for the IC1400 than for the IC1000.  It is 

therefore important to examine how slurry film thickness affects the rate constants in the 

proposed two-step model. 

A closer examination of the proposed model specifically identifying the factors 

that affect the rate constants is necessary to explain the observed data.  The rate constant 

for passivation layer formation, 1k̂ , is clearly a function of oxidizer type.  However, it is 

also a function of other chemical constituents such as inhibitors and surfactants because 
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these species may inhibit passivation layer formation.  Because these processes are 

chemical in nature, temperature also affects 1k̂ .   

Factors other than chemical composition also affect 1k̂ .  In Eq. 5.1.2, C represents 

oxidant concentration and was approximated using Henry’s Law.  Therefore, C 

represents the estimated bulk slurry oxidant concentration.  However, the local oxidant 

concentration at the wafer surface during CMP may significantly differ from that of the 

bulk based on oxidant availability and transport (Thakurta et al., 2002).  In the model 

developed in this work, differences in local oxidant concentration affect 1k̂ .  If the slurry 

film thickness between the pad and wafer is small, oxidant depletion may decrease rate 

the passivation layer formation, meaning that step 1 in the model would become more 

rate controlling.  However, as slurry film thickness increases, oxidant depletion may not 

occur and the overall process would become more dependent on the removal of the 

passivation layer.  This later case illustrates that slurry film thickness not only affects 1k̂ , 

but also affects the rate constant for the passivation layer removal, k2*.    

The rate constant for passivation layer removal is a function of applied wafer 

pressure and velocity as well as abrasive type, size, and concentration.  Pad properties 

such as hardness, compressibility, and grooving will also have an effect on passivation 

layer removal.  However, the chemical composition of the system can also affect k2*.  

Complexing agents are responsible for direct dissolution of the passivation layer and will 

therefore affect k2*.  Surfactants can also influence the rate of passivation layer removal 

by affecting abrasive-substrate interactions.  
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Analysis of the model development suggests that the difference in pad 

compressibility, and therefore slurry film thickness, is may be responsible for the 

observed changes in 1k̂  and k2* values because the same slurries and pad type (excluding 

underlayers) were used.  The decrease in slurry film thickness with the IC1400 may result 

in oxidant depletion at the wafer surface and because local variations in oxidant 

concentration are reflected in 1k̂  values, a lower value of 1k̂  would be expected for a 

more compressible pad.  Lower 1k̂  values would result in a removal process which is 

more dependent on passivation layer formation and hence oxidant concentration.  The 

more rigid pad, IC1000, demonstrates a larger slurry film thickness, decreasing the 

effects of slurry depletion and would therefore be more dependent on removal of the 

passivation layer, and demonstrate lower k2* values.  

An alternative explanation relating to thermal properties of the two pads could 

also explain the difference in 1k̂  values measured for the two pads.  If the thermal 

conductivities of the pad underlayers were different, the pad surface temperatures would 

be affected, which would subsequently change the 1k̂  values.  A higher thermally 

conductive underlayer would dissipate heat generated at the pad wafer interface causing a 

lower temperature at the pad wafer interface corresponding to a lower 1k̂  value.  

Therefore, if the underlayer of the IC1400 has a lower thermal conductivity than that of 

the IC1000, this reasoning could be correct.  However the lack of temperature 

measurement capability does not allow for the verification of this hypothesis.   
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5.1.4.  Conclusions 

The CAP system has been successfully used to identify significant differences in 

removal characteristics with changing applied wafer pressures, pad-wafer velocities, 

oxygen partial pressures, and pad types in the copper CMP process.  A major advantage 

to using CAP system to perform CMP in a pressurized environment is that changing the 

gas phase composition, and subsequently the slurry chemistry, has proven to be a feasible 

POU oxidant delivery system.  Removal rate data reflect significant changes with slight 

changes in the dissolved oxygen concentration.  A two-step mechanism was proposed 

including copper surface passivation layer formation and subsequent removal.  The 

model agrees well with removal rate data resulting in RMS error values in the range of 

77-125 Å/min, suggesting that the proposed mechanism is sufficient to characterize the 

copper CMP system using dissolved oxygen.  Two semi-empirical parameters adequately 

characterize the removal rate trends of each pad using multiple dissolved oxygen 

concentrations, applied wafer pressures, and pad-wafer velocities.  The differences in 

these parameters between the two pads studied may be attributed to differences in pad 

compressibility resulting from different underlayers different thermal conductivities of 

the underlayers.  Results indicate that less reactive slurries, for example clearing step 

formulations, may demonstrate decreased fluctuations in removal rate with minor 

changes in oxidant concentration with the IC1000/Suba IV compared to the IC1400 k 

groove pad. 
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5.2.  Expanding the Current Two-Step Removal Rate Model:  Addition of 

Complexing Agents 

It is clear from the CAP study in Section 5.1 that changing the partial pressure of 

oxygen has significant effects on the copper CMP process even though the resulting 

oxidizer concentrations are far less than the commercially recommended 1 wt% hydrogen 

peroxide.  These changes in oxygen partial pressure resulted in quite different removal 

rate trends, which were predicted well using the classic two-step CMP removal 

mechanism consisting of surface oxidation and subsequent mechanical removal.  

However the CAP studies in Chapter 4 showed that the addition of a copper complexing 

agent dramatically increased removal rates even in the presence of low oxidizer 

concentrations, such as those resulting from using oxygen gas.  Therefore the complexing 

action of a commercial slurry has a significant impact on removal characteristics.  The 

goal of this section is to determine in what capacity complexing agents affect the copper 

removal process.  The effects of using complexing agents under both low and high 

oxidizer concentrations will be examined and the results will be used to modify the 

current two-step removal model to include the impact of complexing agents.      

5.2.1.  Effects of Complexing Agents Using the CAP 

The results and implications of this section are not only applicable to using 

complexing agents in the CAP, but also to traditional CMP systems using low oxidizer 

concentrations, such as those used in buffing or clearing CMP steps where low removal 

rates with high controllability are desired.  Results in Chapter 4 indicated that the 
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addition of ammonia, an effective copper complexing agent at pH 10, to polishes using 

dissolved oxygen as the only oxidant increased removal rates up to 3X.  It was 

determined that the complexing action of ammonia was most likely responsible for this 

dramatic increase because using the same concentration of ammonia at pH 8, where the 

complexing action of ammonia is minimal, did not result in a significant removal rate 

increase.  In addition, polishes performed at pH 10, using KOH, without ammonia did not 

increase removal rates.  A qualitative model was formulated and is shown in Figure 

4.1.13 depicting the mechanism for increased removal rates using ammonia at pH 10 in 

the presence of dissolved oxygen.  Although this is a specific system, with specific 

oxidizer and complexants, the model can be generally applied to other systems.  The 

model depicts binding of oxidized copper at or near the wafer surface by the complexing 

agent.  Next, due to the increased solubility of the metal-ligand complex, the species will 

move away from the wafer surface, making additional sites for oxidation and 

complexation available.  An important detail of this proposed mechanism that was not 

explicitly outlined was whether the oxidized copper that the complexing agent binds is 

actually a surface species on the wafer or if it abraded oxidized material and it is the 

dissolution of this abraded material that actually increases removal rates. 

To determine which of the two mechanisms is most likely responsible for the 

increased removal, an experiment was designed to determine the effects of complexing 

agents on removal rates in the absence of mechanical action.  For a system using aqueous 

oxidants and complexing agents, this type of experiment is relatively straightforward and 

results can be obtained by dipping copper wafers/discs in the solution and subsequently 
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measuring removal rates, or more specifically etch rates.  These types of experiments will 

be described later.  However, for a system using dissolved oxygen as the oxidant, the 

experiment is more difficult.  The reason the CAP system can be used to effectively 

change the dissolved oxygen content in the slurry is described in detail in Chapter 4 and 

Section 5.1, but is simply because the slurry layer on the pad exposed to the oxygen gas 

is extremely thin.  This is why even though oxygen has a relatively low solubility in 

aqueous solutions; it can significantly affect the copper CMP process.  Since it is 

extremely difficult to produce a volume of slurry sufficient to use for dipping 

experiments with the same oxygen concentration as that obtained during a polish using 

the CAP, a different approach was taken.              

To most closely represent the system that exists during CMP using the CAP, the 

method depicted in Figure 5.2.1 was used.  The figure shows a top-view into the CAP 

tool.  The wafer carrier is placed upside-down on the pad, such that the copper wafer 

surface faces up.  This setup allows a thin layer of slurry to be ejected onto the wafer 

surface while being exposed to the desired oxygen atmosphere.   
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Figure 5.2.1:  Experimental apparatus used to measure etch rates using dissolved oxygen. 

 

As the figure shows, the wafer carrier is rotated using the same apparatus described in 

Section 4.1.2.  To minimize mass transfer effects, the wafer carrier was rotated at 40 

RPM (low velocity) and fresh slurry was ejected onto the wafer surface at 80 cc min-1.  If 

the wafer was not rotated and fresh slurry was not ejected onto the wafer, it was feared 

that the thin slurry film (~1mm) may saturate with the metal-ligand complex and overall 

copper removal would be inhibited.  Further, this system should produce the maximum 

copper removal in the absence of mechanical action from the pad and it is of interest to 

maximize the chemical etch rates for comparison with the increase in CMP removal rates 

observed with complexant addition. 
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 The experimental conditions tested were using 500 kPa oxygen and nitrogen with 

and without adding NH4OH at pH 10.  Each etching test was performed for five minutes.  

These conditions will show the effects of adding a complexing agent to oxidizing and 

non-oxidizing gaseous environments.  Figure 5.2.2 shows these results. 
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Figure 5.2.2:  Copper etch rates in the presence and absence of NH4OH at pH 10 using 
gaseous nitrogen and oxygen. 

 

Two repetitions were measured for each condition and the error bars in Figure 5.2.2 

represent the range of etch rates obtained.  Using either 500 kPa nitrogen or oxygen with 

the base slurry (no added ammonia) does not result in copper removal.  However, both 

nitrogen and oxygen cases produce measurable removal in the presence of ammonia, 
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though the etch rates are 75% lower using nitrogen.  It is intuitive that using oxygen with 

the added complexant should significantly increase etch rates as the results of Chapter 4 

suggest.  However, the fact that using nitrogen gas and ammonia produces higher etch 

rates than using nitrogen alone is interesting.  The fact that the measured etch rate is only 

6 Å min-1 during a five minute experiment means that a total of 30 Å of copper were 

removed, which is small compared to the 110 Å removed using oxygen and ammonia.  

However the reason for the increased removal with the addition of the complexing agent 

in the absence of an oxidizer should be explored. 

 CMP was performed on the wafers used before the etching experiments to remove 

any native oxides that were present.  Although CMP removes most of the native oxides 

present, it will be shown in detail in Chapter 6 that the copper surface after CMP may 

consist of some oxide even after a UPW wash.  Therefore, it could be the removal of 

these oxides with the addition of the complexing agent in the nitrogen experiments that 

causes increased etch rates.  In addition, because the composition of the base Fujimi 

PL7102 slurry is unknown, it is very possible that there is an oxidant included in the base 

formulation.  If this is the case, the oxidant is most likely present in the form of a salt 

such as potassium nitrate or sodium chlorate, for example.  The effects of such an oxidant 

are apparently minimal and are only detected here by the addition of a high concentration 

of a complexant.  Nonetheless, it can be concluded that addition of a complexing agent to 

the base slurry in the absence of an oxidizer results in only a slight increase in etch rate.  

While the increase in etch rates upon additional complexant addition in a 500 kPa oxygen 

environment is significant. 
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 The results in Chapter 4 indicated a removal rate of approximately 1000 Å min-1 

using 500 kPa oxygen in the CAP and a removal rate of 3000 Å min-1 using oxygen with 

ammonia.  The etch rates measured using the CAP were negligible in the absence of 

ammonia and were 20 Å min-1 in the presence of ammonia.  The increase in CMP 

removal rates upon complexant addition is two orders of magnitude higher than the 

increase in etch rates upon complexant addition in the presence of oxygen.  This suggests 

the large increase in removal rates observed is not primarily due to etching of oxidized 

copper on the wafer surface, but rather related to dissolution of material abraded by the 

pad, i.e. copper oxides, in systems with low oxidizer concentrations.   

This scenario is quite intuitive, especially if the removal rate trends as function of 

oxygen partial pressure are considered (refer to Figure 5.1.1).  The removal trends are 

clearly oxidant limited; as the oxygen partial pressure, and hence dissolved oxygen 

concentration, is increased, the removal rates increase.  At a given PxU combination the 

process is not mechanically limited because as the oxygen partial pressure is increased, 

the removal rates increase, illustrating that the mechanical action of the pad is removing 

the oxide as it is formed.  If most of the oxides are being removed by mechanical action 

as they are formed, it makes sense that adding a complexing agent would most likely not 

increase removal rates by dissolving oxides on the wafer surface.  This is shown by the 

relatively low etch rates of 20 Å min-1.  However a complexant will dissolve solid copper 

oxide material that has been abraded from the wafer surface.  Dissolution of this abraded 

material that remains in the proximity of the wafer surface may serve to make more 

surface site available for oxidation.  In addition, dissolution of abraded material may 
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assist in preventing re-deposition of the abraded material on the wafer surface.  

Therefore, it is concluded that addition of complexing agents to systems limited by 

oxidant concentration most likely increase removal rates by dissolving abraded material.      

5.2.2.  Effects of Complexing Agents in Conventional CMP  

 Section 5.2.1 concluded that while complexing agents play a significant role in 

CMP systems with very low oxidizer concentrations, the reason for increased removal 

rates with addition of complexants is most likely due to dissolution of abraded material, 

not direct dissolution of copper oxides on the wafer surface.  However, it is important to 

understand the role of complexing agents in CMP systems that are not oxidant limited.  

All of the studies in Chapters 4 and 5 have used Fujimi PL7102 as the base slurry.  This 

was used simply because the formulation already contains the abrasives, complexants, 

surfactants, inhibitors, etc., which are commonly used in commercial slurries.  In 

addition, the oxidant is added to this slurry at POU, so it allowed for the study of 

alternative oxidizers, primarily dissolved oxygen, and concentrations.  The oxidant 

suggested by the manufacturer is hydrogen peroxide at 1 wt%.  Although the composition 

of the Fujimi formulation is unknown, a few characteristics can be assumed: 

 

• The slurry most likely contains complexing agent(s).  Although results of Section 

5.2.1 showed that etch rates of a copper wafer in the Fujimi formulation are 

negligible in the presence of 500 kPa oxygen, the etch rates may be significant in 

the presence of 1 wt% hydrogen peroxide. 
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• A system with Fujimi PL7102 and 1 wt% hydrogen peroxide is most likely not 

limited by the oxidant concentration.  This slurry is a bulk removal slurry, 

meaning it is used for high removal rates with less emphasis on uniformity and 

decreased defects.  Results in Section 5.1 indicated large changes in removal rates 

with very small changes in oxidant concentration.  If this were the case for the 

Fujimi 7102 and hydrogen peroxide system, the bulk removal process would be 

difficult to control.   

 

It is therefore of interest to examine the effect of the complexing agents already in the 

commercial formulation of overall removal in a system not limited by the oxidant 

concentration. 

 The DOE for this task is simplified compared to the tests in Section 5.2.1.  To 

determine the etch rates of a wafer using the slurry and peroxide mixture, a wafer can be 

dipped into the solution for a given period of time and measured.  The wafers were 

submerged in the slurry and peroxide solution for 15 minutes.  This choice was arbitrary, 

and the effects of time on dipping experiments will be discussed in detail in later 

chapters.  The results indicated that the etch rate of copper discs in the slurry and 

peroxide mixtures were 171 ± 10 Å min-1.  Though, the experiments were not complex, 

the implications of this result are important.  First, these results verify the first 

assumption above that the Fujimi PL7102 formulation contains complexing agents.  

Control dipping experiments performed with the slurry without peroxide indicate no 

etching and dipping experiments in 1 wt% hydrogen peroxide actually result in mass gain 
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and will be discussed in later chapters.  In addition, the etch rates here are much higher 

than those using dissolved oxygen in Section 5.2.1, verifying that the complexing agents 

in the Fujimi 7102 formulation are only effective at relatively higher oxidant 

concentrations.  However, perhaps the most important implication of these results is that 

there is a measurable static etch rate in the commercial Fujimi PL7102 and peroxide 

solution in the absence of mechanical action (i.e. at PxU = 0). 

 Recall the model development in Section 5.1.  The two-step model was based on 

passivation layer formation (step 1) and its removal by mechanical action (step 2).  

Therefore, an inherent assumption implied in the model development is that in the 

absence of mechanical action (PxU = 0) that there would be no removal.  Figure 5.2.2 

indicates that this is indeed the case when oxygen is used as the oxidant (results for 500 

kPa O2), so the model developed applies.  However the dipping experiments in slurry 

using hydrogen peroxide as the oxidant result in a measurable etch rate, which contradicts 

the no removal condition at PxU = 0.  Therefore it is apparent that an additional 

dissolution step in the removal rate model must be added in order to account for the non-

zero static etch rate at PxU = 0.            

5.2.3.  Three-Step Removal Rate Model Formulation         

The three-step removal mechanism is depicted in Figure 5.2.3. 
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Figure 5.2.3:  Proposed three-step removal mechanism.   

 

The CuOX(L) species denotes the metal-ligand complex formed by reaction of a 

complexing agent with oxidized copper.  The mechanism is very similar to that 

formulated in Section 5.1, however oxidized copper on the wafer surface CuOX* can be 

removed by both mechanical action (step 2) and chemical dissolution by a complexant 

(step 3).  Therefore Eqs. 5.1.2-3 apply, shown again here for reference as Eqs. 5.2.1-2, as 

well as a third rate equation accounting for the rate of dissolution of oxidized copper on 

the wafer surface, R3.      

)1(Ck̂R 11 θ−=                                                    (5.2.1) 

θ= 22 kR                                                         (5.2.2) 

θ= L33 Ck̂R                                                      (5.2.3) 

Note that k2* from Eq. 5.1.3 for combined chemical and mechanical oxidized copper 

removal has been separated into the two constants k2 and 3k̂  representing mechanical 

removal and chemical dissolution of oxidized copper on the wafer surface, respectively.  

The rate of dissolution of the oxidized copper surface species is equal to the product of a 

rate constant for dissolution, 3k̂ , the concentration of the ligand or complexing agent, CL, 
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and the fraction of occupied surface sites available for oxidation, θ.  The definitions of all 

other variables are the same as those in Section 5.1.  Contrary to Section 5.1 where the 

rate of oxidation was assumed equal to the rate of mechanical abrasion, the rate of 

oxidation for the three-step mechanism is equal to the sum of the rates of mechanical 

abrasion and chemical dissolution, or: 

321 RRR +=                                                        (5.2.4) 

Eqs. 5.2.1-4 can be combined to obtain a solution for θ in terms of the rate constants of 

the individual steps and the concentrations of the oxidant and ligand. 

Ck̂Ck̂k
Ck̂

1L32

1

++
=θ                                                  (5.2.5) 

In Section 5.1, the oxidizer concentration, C, remained in the final removal rate 

expression because the oxidizer concentration was varied and as the results illustrated the 

system was quite limited by the oxidizer concentration.  However, as previously stated, it 

is assumed here for the 1 wt% hydrogen peroxide system that the oxidizer is not limiting 

and with no significant depletion of the oxidizer, 1k̂ C can be redefined as k1.  The type of 

ligand and its concentration in Fujimi PL7102 are unknown, however it is similarly 

assumed here that the ligand is not significantly depleted and therefore, 3k̂ CL can be 

redefined as k3.  Given the new definitions of k1 and k3, Eqs. 5.2.1 and 5.2.5 can be 

combined and expressed as copper removal rate, RR, using the molecular weight and 

density of copper, MW and ρ, respectively.      

( )
321

321

kkk
kkkMWRR

++
+

⋅
ρ

=                                             (5.2.6) 
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Equation 5.2.6 represents the three-step removal rate model that can be used to 

adequately describe the copper CMP mechanism when complexing agents or ligands are 

present.  A number of limiting cases of Eq. 5.2.6 can be imagined, one of which being the 

case where the rate of dissolution, k3, is significantly less than both k1 and k2.  In this 

case, Eq. 5.2.6 simply reduces to the form of the two-step removal rate model developed 

in Section 5.1.  It is the goal of the Chapter 6 to experimentally characterize the copper 

oxidation (step 1) and copper oxide dissolution (step 3) processes so that k1 and k3 in Eq. 

5.2.6 will be known a priori.  This will reduce the number of fitting parameters for 

copper CMP models, however, perhaps more importantly, using the three-step model 

with pre-determined values of k1 and k3 should verify the overall mechanism currently 

used characterize the copper CMP process.   

5.2.4.  Conclusions  

 The traditional two-step model used to represent copper CMP removal rates has 

been expanded to include dissolution of the oxidized copper layer formed on the wafer 

surface during CMP.  The necessity of adding the dissolution step to the current model 

was realized after performing static copper wafer dipping experiments in a Fujimi 

PL7102-1 wt% hydrogen peroxide solution.  The dipping experiments demonstrated a 

copper static etch rate of approximately 170 Å min-1.  The two-step model assumes that 

copper removal only occurs through mechanical removal of oxidized copper on the wafer 

surface and the dipping experiments proved that measurable removal occurred in the 

absence of mechanical action, therefore the three-step model including dissolution was 
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developed.  Although the three-step model is required to adequately describe the copper 

removal mechanism using Fujimi PL7102 and 1 wt% hydrogen peroxide, it was found 

using the CAP system that at low oxidizer concentrations, copper etching may be 

negligible.   

The CAP system was used to measure etch rates in the presence of dissolved 

oxygen and no appreciable etching occurred using the base Fujimi 7102 formulation (no 

peroxide).  However, upon addition of NH4OH at pH 10, measurable etch rates of 

approximately 20 Å min-1 were measured.  These results indicate that the three-step 

removal rate model is not necessary to characterize removal rate trends using the CAP 

system with dissolved oxygen and Fujimi PL7102, however if an additional complexing 

agent, NH4OH, is added to the base slurry, the three-step model may be required.   
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CHAPTER 6 – THE ROLE OF SLURRY COMPOSITION IN CMP 

 To this point a number of conclusions have been reached regarding the nature of 

the CMP process.  It has been concluded that type and concentration of oxidants and 

complexing agents strongly affect CMP results and models have been formulated that 

qualitatively agree with CMP removal rate trends.  The goal of this chapter is to provide a 

detailed analysis of three of the major components of most CMP slurries:  abrasive 

particles, oxidizers, and complexing agents.  Section 6.1 focuses on slurry abrasive 

particles, specifically silica, because abrasives are an important component of the overall 

process and interactions among abrasive particles causing aggregation is one of the 

leading causes of wafer defects.  This section is directly applicable to the semiconductor 

processing industry as it highlights alternative methodologies and metrologies that can be 

implemented to identify defect-causing slurries before they are used in a CMP tool.  The 

remaining sections in this chapter focus on the chemical aspects of CMP slurries, 

excluding the abrasives.  The 3-step model developed in Section 5.2 specifically includes 

the effect of the oxidizer (step 1) and the complexing agent (step 3).  Therefore it is the 

goal of Sections 6.2-4 to characterize these processes sufficiently such that they can be 

included in the overall removal rate model.  Section 6.5 incorporates the models and 

parameters determined in Sections 6.2-4 into the overall three-step removal rate model 

and compares the simulation with actual CMP removal rate results. 
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6.1.  Effects of Slurry Chemistry on Abrasive Interactions 

6.1.1.  Introduction 

Silicon dioxide remains the most widely used inter-layer dielectric (ILD) in the 

semiconductor industry today (Steigerwald et al., 1997).  Non-planar SiO2 films resulting 

from vapor deposition or thermal growth on patterned wafers must be planarized using 

chemical mechanical planarization (CMP) before further processing.  One of the major 

drawbacks to CMP is the tendency for abrasive particles in slurries to form aggregates, 

which have the potential to cause defects on wafer surfaces.  Critical defects require a 

wafer to be re-processed, which decreases overall wafer throughput.  Therefore, it is 

crucial to understand the mechanisms by which aggregates are formed so appropriate 

metrology can be identified that will identify defect-causing slurries before they are used 

in the fab.  Phase 1 of this study will attempt to identify known defect causing Fujimi 

PL4217 slurry production lots from known defect free slurry production lots using 

current slurry characterization metrology.  Single particle optical sensing (SPOS) 

techniques are commonly used to obtain large particle counts (LPC) for slurries prior to 

use in a fab.  The Particle Sizing Systems, Inc. (PSS) Accusizer 780 measures a particle 

size distribution (PSD) for a sample using SPOS and the number of particles greater than 

a specified diameter is reported and known as LPC.  The SPOS technique requires a 

sample be very dilute (2000:1 was used in this project) before measuring and the 

instrument continues to dilute the sample during a measurement.   
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Other techniques that can be used to characterize slurries are static light scattering 

(SLS), dynamic light scattering (DLS), and zeta potential (ZP) measurements.  The PSS 

NiComp 380 was used in this project to measure MPS and ZP.  The 380 uses DLS to 

measure MPS and a separate electrode apparatus to measure ZP.  The Malvern 

Mastersizer 2000 employs SLS to measure PSD from which MPS or LPC can be 

obtained.    Like SPOS, all of these techniques require that slurry be diluted prior to 

measuring and the current best-known method (BKM) for doing so is diluting slurry 

samples with UPW.  Diluting an as-received (25 wt% silica abrasives) Fujimi PL4217 

sample with water (160:1 is a typical dilution for MPS and ZP measurements) 

demonstrates significantly different ionic strength (as measured by conductivity) than the 

undiluted slurry.    Electrolyte concentration has been shown to affect aggregation and 

electric double layer characteristics of silica particles (Iler, 1979, Kim et al., 2000, 

Trompette et al., 2003, and Sonnefeld, 2001).  Compressing the double layer surrounding 

a silica particle by adding an electrolyte or changing the pH has the potential of changing 

the MPS value associated with a sample.  ZP is a function of pH, absorbed species on the 

particles, solution composition, etc. and can be used to quantify the tendency for a 

suspension of particles to aggregate (Brookhaven Instruments, 2004).   One of the 

objectives of this study is to formulate an alternative diluting solution that simulates the 

conductivity and pH of the original slurry and evaluate its affects on MPS and ZP 

measurements.  Specifically, it is of interest to determine if using this alternative diluting 

solution aids in identifying defect-causing slurries. 
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Phase 2 focuses on aluminum contamination in slurries.  Trace aluminum 

contamination exists in slurries as a result of the manufacturing process and is quantified 

on incoming slurry specifications.  To date, the level of aluminum contamination in 

slurry has not been a highly regulated parameter.  The objective of this study is to dope 

known defect free Fujimi PL4217 slurry with aluminum and observe the effects on 

particle aggregation.  If significant aggregation is observed, then the aluminum 

concentration of incoming slurries may become a parameter of interest in future specs.  

Since the spec only indicates the concentration of aluminum, it is unclear in which form 

the aluminum exists in the slurry.  Therefore, four sources of aluminum were used as 

dopants in this study:  aluminum hydroxide, two different aluminum oxides and 

aluminum chloride hexahydrate.  PSD, LPC and MPS were measured in this study for 

aluminum concentrations ranging from 50 ppm to 200 ppb. 

6.1.2.  Experimental 

The detailed procedures for use and calibration of all instrumentation used are 

published elsewhere (DeNardis b et al., 2005).  Three instruments were used in this study:  

PSS 780 Accusizer, PSS 380 NiComp and the Malvern Mastersizer 2000.  The two PSS 

tools were used in Phase 1 and the Accusizer, NiComp and Mastersizer were used in 

Phase 2.  The Accusizer was calibrated daily using polystyrene standards.  The NiComp 

was calibrated using polystyrene and fat emulsion standards for MPS and ZP 

measurements, respectively.   
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Fujimi PL4217 was the only slurry evaluated in this study.  The different 

‘slurries’ evaluated in this study were actually different lots.  PL4217 contains 25 wt% 

fumed silica abrasives and KOH as listed components in the MSDS supplied by Fujimi.  

Additional components were not specified.  The measured pH of as received PL4217 is 

~11.1. 

6.1.3.  Results and Discussion – Phase 1 

Five PL4217 slurry lots were evaluated in Phase 1.  Two of the five slurries were 

known to cause ‘gouge’ defects.  The other three slurries were proven in the fab to be 

defect-free.  For this phase, the slurries are designated Slurries 1-5 and the lot number 

associated with each slurry are given in Table 6.1.1.   

 

Table 6.1.1:  Defect free and defect causing slurry lots. 

Lot ESlurry 5*

Lot DSlurry 4

Lot CSlurry 3

Lot BSlurry 2*

Lot ASlurry 1

Lot ESlurry 5*

Lot DSlurry 4

Lot CSlurry 3

Lot BSlurry 2*

Lot ASlurry 1

(* Slurries 2 and 5 caused defects)  
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The objective of this study is to determine if the current metrology (Accusizer and 

NiComp) can separate the known defect causing slurries from the defect free slurries.  

This study also investigates the effects of using an alternative solution (i.e. not UPW) to 

dilute samples for MPS and ZP measurements. 

6.1.3.1.  Accusizer Results 

Figure 6.1.1 shows the average LPC measurements for the five slurries tested.   
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Figure 6.1.1:  Average LPC measurements for defect causing and defect free slurries.  

 

The data in Figure 6.1.1 are averages of three repetitions and illustrate little difference in 

LPC among the five slurries tested.  Figures 6.1.2-6 represent the raw data and the 

averages in Figure 6.1.1. 
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Figure 6.1.2:  Raw data for slurry 1.  
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Figure 6.1.3:  Raw data for slurry 2.  
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Figure 6.1.4:  Raw data for slurry 3. 
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Figure 6.1.5:  Raw data for slurry 4. 
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Figure 6.1.6:  Raw data for slurry 5. 

 

The slight differences, if any, observed in Figure 6.1.1 are insignificant when compared 

to the raw data.  These data suggest that there is no measurable difference between the 

defect causing and the defect free slurries using the ‘best known method’ (BKM) for the 

Accusizer.  The time dependence of LPC trends was quantified by measuring the samples 

two weeks after the initial measurements in Figures 6.1.1-6.  Figure 6.1.7 shows the 

average LPC values after two weeks. 
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Figure 6.1.7:  Average LPC measurements two weeks after initial measurements. 

 

Similar to Figure 6.1.1, there appears to be no significant differences among the five 

slurries tested in Figure 6.1.7.  The raw data for the averages LPC values in Figure 6.1.7 

are shown in Figures 6.1.8-12. 
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Figure 6.1.8:  Raw data for slurry 1 two weeks after initial measurements. 
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Figure 6.1.9:  Raw data for slurry 2 two weeks after initial measurements. 



  
 
 

250

100

1000

10000

100000

1000000

0 2 4 6 8 10 12
Particle Diameter (µm)

Pa
rt

ic
le

 C
on

ce
nt

ra
tio

n 
(n

um
be

r o
f p

ar
tic

le
s 

m
L 

-1
) >

 
Sp

ec
ifi

ed
 D

ia
m

et
er

 

Figure 6.1.10:  Raw data for slurry 3 two weeks after initial measurements. 
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Figure 6.1.11:  Raw data for slurry 4 two weeks after initial measurements. 
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Figure 6.1.12:  Raw data for slurry 5 two weeks after initial measurements. 

 

Figures 6.1.8-12 simply illustrate that any differences observed among the five slurries in 

Figure 6.1.7 are insignificant.  These data suggest that the LPC measurements of defect 

causing slurries are similar to defect free slurries at any given time of measurement 

(initially and two weeks later).  However, it has been shown that the LPC measurements 

associated with certain slurries suggest formation of soft aggregates after three weeks.  So 

it is of interest to compare the average LPC measurements initially, t = t0, and two weeks 

later, t = t1 (Figures 6.1.13-17).   
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Figure 6.1.13:  Average LPC for slurry 1 during a two-week span. 
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Figure 6.1.14:  Average LPC for slurry 2 during a two-week span. 
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Figure 6.1.15:  Average LPC for slurry 3 during a two-week span. 
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Figure 6.1.16:  Average LPC for slurry 4 during a two-week span. 
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Figure 6.1.17:  Average LPC for slurry 5 during a two-week span. 

 

It can be argued that an apparent increase in the LPC for each specified diameter exists 

during the two-week span.  However, the raw data in Figures 6.1.2-6 and 6.1.8-12 

illustrate higher variability than the differences observed in Figures 6.1.13-17.  Therefore, 

it is difficult to conclude that the number of particles for each specified diameter actually 

increased over the two-week span.  It would be necessary to measure more repetitions of 

each condition (10 or more) and then perform the same analysis as above to determine if 

the particles are indeed growing.  The differences observed above may simply be due to 

instrument variability in measuring this specific slurry.  For comparison, Figure 6.1.18 

shows the LPC specification range for the standard used for calibrating the Accusizer. 
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Figure 6.1.18:  The specified LPC range for polystyrene calibration standard. 

 

Figure 6.1.18 illustrates the range within which the Accusizer must measure the standard 

LPC before the instrument is considered calibrated.  Comparing these ranges with the 

differences observed in Figures 6.1.13-17, it seems reasonable to conclude that the ∆’s 

observed in Figures 6.1.13-17 are insignificant and the particles do not appear to grow 

over a two week span. 

6.1.3.2.  MPS Results 

Slurries 1-5 were evaluated using the PSS NiComp 380 to determine if any 

measurable differences existed that would identify the defect causing slurries.  Similar to 

the LPC results, MPS measurements were also taken initially and two weeks later to 

monitor particle growth.  Figure 6.1.19 shows the MPS measurements of the five slurry 
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samples.  As with the Accusizer and LPC data, three repetitions of each condition were 

measured.  Samples 1-5 in Figure 6.1.19 refer to Slurries 1-5 in Table 6.1.1.  Sample 6 

refers to the 90 nm Duke Scientific polystyrene standard used to calibrate the NiComp.  

According the PSS, the 90 nm Duke standard should register a MPS of 100 to 115 nm 

when diluted ~160:1 with UPW.  This dilution was achieved by adding 30 µL of the 

Duke standard to 5 mL UPW.  All slurry samples were diluted 160:1 with UPW using the 

same method as the standard dilution. 
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Figure 6.1.19:  MPS results for the defect causing and defect free slurries. 

 

The results in Figure 6.1.19 demonstrate ranges of approximately ±5 nm from the mean 

for each of the five slurries.  Figure 6.1.20 represents the averages of the MPS repetitions 

with ±5nm error bars.   
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Figure 6.1.20:  Average MPS results. 

 

The data in Figure 6.1.20 show little difference among the five slurries and any slight 

differences that do exist do not serve to separate the defect causing from the defect free 

slurries.  Figure 6.1.20 also illustrates that the time dependency over a two-week span of 

MPS values is insignificant.   

6.1.3.3.  ZP Results 

Figure 6.1.21 shows the ZP measurements obtained for each of the five slurries 

over a two-week period on the PSS NiComp 380.  Three repetitions of each measurement 

were taken and the results fall into ranges of ±5 mV from the mean.  Like the MPS 

results, Samples 1-5 refer to Slurries 1-5 in Table 6.1.1 and Sample 6 refers to the fat 

emulsion standard.  The fat emulsion standard was a diluted solution of the concentrated 

fat emulsion solution provided by PSS (250 µL concentrated fat emulsion diluted with 
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UPW to 50 mL).  Four drops of the diluted fat emulsion standard were added to 5 mL 

UPW and gently mixed with a disposable pipette before measuring.  All slurry samples 

were diluted 160:1 with UPW (30 µL of slurry was added to 5 mL UPW). 
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Figure 6.1.21:  Average ZP results. 

 

There is no significant difference in ZP among the five samples and there appears to be 

no significant time dependence. 

LPC, MPS and ZP measurements do not separate the defect causing slurries from 

the defect free slurries.  On the average, some trends can be identified for LPC 

measurements.  However, when the repeatability of the measurements is considered the 

trends are not conclusive.  Further studies including greater number of repetitions may 

identify trends not observed in this study, but according the data presented here there are 

no significant differences among the slurries evaluated. 
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6.1.3.4.  Alternative Diluting Solution 

In the above experiments all samples were diluted with UPW.  However, as 

received slurry has a pH = 11.1 and measured conductivity of 6-7 mS.  Adding 30 mL of 

as received slurry to 5 mL UPW yields a solution of pH 10.9 which is similar to the as 

received slurry, but the measured conductivity is quite different.  It is of interest to 

determine if these differing characteristics of the suspension after dilution have any effect 

on the MPS and ZP measurements.  To maintain the ionic strength and pH of the as 

received slurry an alternative diluting solution is formulated using KOH, KNO3 and 

UPW.  The basis for the model diluting solution is to assume that the pH of 11.1 is 

primarily due to KOH and excess conductivity is due to KNO3.  This is a reasonable 

assumption because KOH is identified as a major component in PL4217 on the MSDS.  

KNO3 was used to increase the conductivity of the KOH/UPW solution to that of the as 

received slurry because it is a monovalent electrolyte (simple case).  Figures 6.1.22 and 

6.1.23 are KOH calibration curves for pH and electrical conductivity (EC).  Figure 6.2.24 

is a KNO3 calibration curve for EC.   
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Figure 6.1.22:  Equivalent KOH concentration as a function of pH. 
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Figure 6.1.23:  Equivalent KOH concentration as a function of EC. 
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Figure 6.1.24:  Equivalent KNO3 concentration as a function of EC. 

 

 
The procedure for formulating the alternative diluting solution is to first measure the pH 

and EC of the as received slurries.  Figures 6.1.25 and 6.1.26 are the measured pH and 

EC for each of the five slurries in Table 6.1.1.  These figures include five repetitions of 

each measurement. 
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Figure 6.1.25:  pH of as received slurries in Table 6.1.1. 
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Figure 6.1.26:  EC of as received slurries in Table 6.1.1. 
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It should be noted that pH remained approximately constant for the five slurries with an 

average value of 11.12.  EC appeared to vary from slurry-to-slurry.  However, the 

variance in EC does not serve to identify the defect causing slurries (i.e. the EC of 

Slurries 2 and 5 were not significantly different from the EC of Slurries 1, 2 and 3).  EC 

is not currently a regulated parameter on incoming slurries but these results indicate there 

is some lot-to- lot variance. 

For this study the alternative diluting solution was modeled using the average pH 

and EC of all five slurries:  11.12 and 6.4 mS.  After the pH and EC of the incoming 

slurries were determined, the equivalent concentration of KOH necessary to yield the pH 

of the as received slurry ([KOH]eff) was calculated using Figure 6.1.22.  This EC 

associated with [KOH]eff (ECKOH) was calculated from Figure 6.1.23.  The difference 

between the average EC of the as received slurries and ECKOH (∆EC) was used to 

determine the concentration of KNO3 to be added from Figure 6.1.24.  The resulting 

alternative diluting solution was 2 mM KOH and 50 mM KNO3.  The procedure for 

formulating the alternative diluting solution is summarized in Figure 6.1.27. 
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Figure 6.1.27:  Procedure for determining composition of the alternative diluting solution. 

 

This procedure attempts to simulate the background solution of the slurry (i.e. the slurry 

solution without the abrasives).  However the procedure outlined in Figure 6.1.27 

includes measuring the pH and EC of the as received slurries with abrasives.  To 

determine if the abrasives in the slurry solutions contribute to pH or EC, Slurry 2 was 

centrifuged at 8000 RPM for 90 minutes.  The time duration was determined by visually 

inspecting the centrifuged solutions every 15 minutes until the supernatant appeared 

clear.  The EC and the pH of the supernatant of Slurry 2 were 6.40 mS and 11.12, 

respectively.  The average values of EC and pH for Slurry 2 (with abrasives) were 6.36 
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mS and 11.13.  It was therefore assumed that the contribution of silica abrasives to EC 

and pH was negligible.  This analysis was only performed for Slurry 2, but it was 

assumed that the outcome would be the same for the other slurries.  To verify this 

assumption it would be necessary to centrifuge all of the slurries and measure pH and EC 

of the supernatants. 

Figure 6.1.28 shows the MPS measurements included in Figure 6.1.19 as well as 

measurements using the alternative diluting solution.  Note that the KOH/KNO3 dilutions 

were performed in the same ratio as the previously mentioned UPW dilutions (30 µL 

slurry to 5 mL KOH/KNO3 solution). 
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Figure 6.1.28:  MPS comparison of UPW and KOH/KNO3 diluted samples.       
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These data suggest that MPS measurements are not a strong function of pH or EC.  

Figure 6.1.29 compares the effects of using UPW and KOH/KNO3 to dilute samples on 

ZP. 
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Figure 6.1.29:  ZP comparison of UPW and KOH/KNO3 diluted samples.  

 

The ZP measurements decrease in magnitude to approximately zero for all five slurries 

when diluted with the KOH/KNO3 solution.  So even though the effect of using the 

alternative diluting solution is significant compared to using UPW, these measurements 

do not separate the defect causing from the defect free slurries; all slurries behave in a 

similar manner. 

It is important to realize why a decrease in the magnitude of ZP is observed.  For 

a simple definition, ZP can be assumed to be a measure of solution stability:  the higher 

the ZP magnitude the more stable is the solution.  So, the above data would indicate that 
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a ZP~0 would correspond to an unstable solution and an unstable solution would be 

defined as a solution with a high tendency to aggregate.  The problem is that an increase 

in MPS (indicating aggregation) is not observed in Figure 6.1.28 and unfortunately these 

results could not be verified on the Accusizer because this instrument is not compatible 

with high pH.  If aggregation is induced then there are three possibilities: 

 

• As ZP measurements may suggest, using the alternative diluting solution induces 

aggregation, but since the MPS instrument has an upper limit of detection of 1 

µm, these aggregates are not detected. 

• If the aggregates are <1µm, and the concentration of these flocs is small, the 

instrument may be excluding these points as outliers from the analysis. 

• Aggregation is induced, however the flocs are so loosely bound the weak shearing 

forces involved in mixing breaks the aggregates apart. 

 
Another possibility is that aggregation is not induced.  The given explanations 

supporting aggregation, though plausible, are not likely.  The reason is that the 

KOH/KNO3 solution formulated simulates the slurry background in the as received slurry 

and it is not likely that the as received slurry is unstable and has a tendency to aggregate.  

To explain a decrease in ZP without an increased tendency to aggregate, it is necessary to 

examine more closely the definition of ZP.  ZP was earlier defined as a measure of 

stability of the solution.  However, the measured ZP is also a function of pH, species 

adsorbed on the particle surface, electrolyte concentration, type of electrolyte, etc.  On 
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the surface of a silica particle, there are silanol groups.  The negatively charged hydroxyl 

portions of these groups will bind the positive charged portions of water molecules in 

solution to the particle surface.  In high pH solutions, free hydroxyl groups in solution 

can remove protons from the water molecules bound to the silica surface, yielding a 

negative charge on the particle surface.  Cations in solution (surrounded by a hydration 

sphere of water molecules) can then adsorb on the particle surface.  Small cations such as 

sodium can adsorb to the surfaces of two or more silica particles, forming a bridge.  High 

concentrations of sodium can then lead to aggregates of particles.  Large cations such as 

potassium will adsorb to silica, but will not form a bridge between two particles.  The 

potassium cations will cover the silica particle surface, effectively masking the negative 

charge and preventing aggregation.  Depasse and Watillon observed that small cations 

(i.e sodium) cause aggregation in solutions above pH 11, whereas large cations (i.e. 

potassium) do not (Depasse et al., 1970).   

When a slurry sample is diluted with UPW, cations (specifically potassium since 

KOH is present) will desorb from a silica particle exposing the negatively charged 

surface, which may explain the negative ZP measured in Figure 6.1.29.  However, when 

the sample is diluted with a KOH/KNO3 solution, the tendency for potassium to desorb 

from the particle is decreased.  The adsorbed potassium layer on the silica particle may be 

shielding the negatively charged surface resulting in measured ZP ~0.  However, due to 

the size of potassium, aggregation is not induced. 

 Alternative theories exist regarding silica aggregation upon the addition of 

electrolytes.  The classical DLVO (Derjaguin, Landau, Verwey, and Overbeek) theory 
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illustrates that the addition of electrolytes (increasing ionic strength) lowers the measured 

zeta potential.  When the zeta potential is lowered enough, particles will aggregate 

because the charge on the particles is reduced beyond a certain point where the van der 

Waals attraction can overcome the ionic repulsion.  In lyphobic (liquid-loving) colloids, 

DLVO theory has been found to agree well with experimental observations, however this 

is not necessarily the case with silica, which is hydrophilic (Iler, 1979).  It has been 

shown that the ccc (critical coagulation concentration), or the concentration at which 

aggregation is measured, values of different salts do not correlate with changes in zeta 

potential, which may be the cause of the above results.  This is for this reason that the 

above explanation of monovalent cations as bridging ions was introduced, however either 

this or the DLVO theory are plausible.    

6.1.3.5.  Phase 1 Conclusions 

ZP, MPS and LPC measurements do not indicate a difference among the defect 

causing and defect free slurries using the BKM, which is diluting samples with UPW.  

LPC measurements obtained from the Accusizer 780 appear to demonstrate some day-to-

day variability in measurements, so slight differences in measurements should be further 

investigated before conclusions are drawn.  The NiComp 380 demonstrated repeatability 

of approximately ±5 mV on ZP measurements and approximately ±5 nm on MPS 

measurements.  Using the alternative diluting solution (KOH/KNO3) did not identify 

significant differences among the slurries through ZP or MPS measurements.  The 

alternative diluting solution had little effect on MPS measurements but decreased the 

magnitude of ZP measurements as compared to UPW dilutions.  A mechanism for this 
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decrease in ZP magnitude has been proposed that suggests that aggregation is not taking 

place.  Therefore, it is not reasonable to assume that a decrease in the magnitude of ZP is 

suggesting an increase in the tendency for a suspension of particles to aggregate under the 

conditions in this study. 

6.1.4.  Results and Discussion – Phase 2 

Phase 2 investigated the effects of doping known defect free ILD slurries (Fujimi 

PL4217 Lot C) with aluminum.  The instruments used in this study were the PSS 

Accusizer 780, PSS NiComp 380 and Malvern Mastersizer 2000.  MPS, LPC and PSD 

were monitored in this phase to quantify silica aggregation characteristics.  Four forms of 

aluminum were studied:  alumina (Degussa), alumina (Sigma-Aldrich), aluminum 

hydroxide and aluminum chloride hexahydrate.  The first set of experiments measured 

the LPC and MPS of 50-ppm Al-12.5 wt% silica slurry solutions for the four forms of 

aluminum mentioned.   

6.1.4.1.  50 ppm Al Doped Slurries 

50 ppm Al-12.5 wt% silica solutions were prepared for each of the four forms of 

aluminum.  The solutions were prepared by mixing equal volumes of 25 wt% silica slurry 

and 100 ppm Al sols.  In all four cases, the slurry was added to the Al sol.  This 

procedure was chosen to minimize AlOH3 precipitation in the case of aluminum chloride 

hexahydrate because of the high pH of the slurry.  The solutions were stirred for 3 

minutes after mixing and LPC measurements were taken.  It was known that adding 

aluminum chloride hexahydrate to UPW would result in an acidic solution, so it was of 
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interest to monitor pH after mixing of the 100 ppm Al solutions and the 50-ppm Al-12.5 

wt% slurry solutions.  Table 6.1.2 shows the pH of the solutions used. 

 

Table 6.1.2:  Average pH of aluminum solutions and aluminum-slurry solutions.   

50 ppm Al 
+12.5 wt% 

slurry

100 ppm Al 
+UPW

3.88

5.61

5.29

5.31

10.98AlCl3 6H2O

11.00Al(OH)3

10.99Al2O3-Sigma-Ald.

11.02Al2O3-Degussa

50 ppm Al 
+12.5 wt% 

slurry

100 ppm Al 
+UPW

3.88

5.61

5.29

5.31

10.98AlCl3 6H2O

11.00Al(OH)3

10.99Al2O3-Sigma-Ald.

11.02Al2O3-Degussa

 

Even though the 100 ppm aluminum chloride solution had a pH of 3.9, the mixed slurry-

aluminum chloride solution had a pH approximately equal to that of the control (12.5 

wt% silica slurry only has pH = 10.97) so no final pH adjustment was necessary.  To 

effectively quantify the extent of aggregation two control samples were analyzed along 

with the aluminum doped slurry samples.  One control was the 12.5 wt% silica slurry 

with 0 ppm Al.  The other control was a 50 ppm Al sample (in UPW) for each of the four 

types of aluminum.  Figures 6.1.30-33 compare the LPC results of the aluminum-doped 

slurries to both control solutions for each form of aluminum.  These solutions were 

measured initially, after the 3 minutes of stirring, (t0) and 20 hours later (t1) to monitor 

the time dependence of aggregation. 
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Figure 6.1.30:  LPC for Degussa alumina.       
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Figure 6.1.31:  LPC for Sigma-Aldrich alumina. 
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Figure 6.1.32:  LPC for aluminum hydroxide. 
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Figure 6.1.33:  LPC for aluminum chloride hexahydrate. 

 

These figures suggest no significant differences between the aluminum doped samples 

and the 50 ppm Al samples for both types of alumina and aluminum hydroxide.  

However, the aluminum chloride-slurry solution shows a significant increase in the 

number of particles for each specified diameter compared to the slurry control and the 

aluminum chloride control.  Since the Accusizer cannot measure particles <0.56µm it 

cannot be verified, but it is assumed that the differences between the control slurry 

solution and the aluminum doped slurry solution is caused by smaller particles 

aggregating to form larger particles.  To clarify this assertion, MPS results are shown in 

Figure 6.1.34 that were measured initially and after 20 hours. 
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Figure 6.1.34:  MPS results for the four aluminum doped slurries. 

 

Unfortunately, the results do not indicate an increase in MPS from the results observed in 

Phase 1.  Recall that the NiComp 380 does not effectively measure particles > 1 µm, so 

the large particles that may have formed are not being detected.   

 
The results indicate that soluble forms of 50 ppm aluminum contamination may 

induce to silica aggregation.  However, there is no LPC or MPS evidence to suggest that 

insoluble forms of aluminum (alumina and aluminum hydroxide) cause silica aggregation 

under these conditions.  The next set of experiments was designed to examine the extent 

of particle aggregation resulting from doping the slurry with lower (more realistic) 

concentrations of aluminum chloride. 
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6.1.4.2.  Aluminum Chloride Additions Less Than 50 ppm 

Aluminum concentrations of 50, 1, 0.5 and 0.2 ppm were tested using the 

Accusizer to measure LPC.  MPS values were not measured because no aggregation was 

suggested by the MPS data in the 50 ppm aluminum chloride experiments.  Figure 6.1.25 

shows the average LPC results for the five aluminum chloride doped slurry sols. 

100

1000

10000

100000

1000000

0 2 4 6 8 10 12

Particle Diameter (µm)

P
ar

tic
le

 C
on

ce
nt

ra
tio

n 
(n

um
be

r o
f 

pa
rti

cl
es

 m
L-1

) >
 S

pe
ci

fie
d 

D
ia

m
et

er 1 ppm Al
0.5 ppm Al
200 ppb Al
50 ppm Al

 

Figure 6.1.35:  Average LPC results for varying aluminum chloride concentrations. 

 

These data do not show a significant difference between 50, 1, 0.5 and 0.2 ppm Al-slurry 

sols suggesting that the extent of aggregation is the same among these sols or that the 

Accusizer is incapable of resolving the differences among these sols.  If the data in Figure 

6.1.35 are compared to those in Figure 6.1.33, it also seems that some day-to-day 

repeatability issues exist with the Accusizer.  To resolve these issues, the aluminum 

doped slurry sols were examined using the Malvern Mastersizer instrument, which 
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employs SLS technology to obtain PSD.  This instrument can detect particles in the 0.2-

2000 µm range.   

The first set of experiments using the Mastersizer compared a 50-ppm aluminum 

chloride-12.5 wt% silica slurry sol to a control 12.5 wt% silica slurry sol.  Because 

repeatability appeared to be an issue with the Accusizer experiments, each sample was 

measured five times in an alternating fashion (i.e. 1st:  control, 2nd:  50 ppm Al, 3rd:  

control, 4th:  50 ppm Al, etc.).  Figure 6.1.36 shows the PSD results of these experiments. 
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Figure 6.1.36:  Comparison of PSD’s of 50 ppm aluminum chloride doped and Al free 
12.5 wt% silica slurries. 

 

The y-axis on the PSD in Figure 6.1.36 is related to concentration (i.e. the greater the 

height of the peak, the higher the concentration of particles of that diameter is in the sol) 
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and the x-axis is diameter.  The data for the control slurry show almost no variance while 

and the 50 ppm aluminum chloride data show a little variance.  Both the control peak and 

the 50 ppm Al peak have a mean of ~160 nm, which closely agrees with the MPS results 

given in Figure 6.1.34.  The fact that the control peak is higher than the 50 ppm Al peak 

suggests that these lower size particles (~160 nm) are aggregating to form larger diameter 

flocs (4-60 µm), which agrees with the conclusions drawn from Figure 6.1.33.  The next 

step was to examine the PSD associated with Al doped slurry sols of lower 

concentrations.  Figure 6.1.37 shows the PSD associated with 25, 10 and 1 ppm 

aluminum chloride doped slurry sols. 
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Figure 6.1.37:  Comparison of PSD’s of 25, 10 and 1 ppm aluminum chloride doped 12.5 
wt% silica slurries. 
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There is no difference between the PSD’s associated with the three aluminum chloride 

concentrations in Figure 6.1.37 and there are no peaks indicating the presence of large 

diameter (>1µm) particles.  Three possibilities for the presence of large diameter peaks at 

50 ppm Al and absence of large diameter peaks at 25 ppm Al and below can be 

formulated. 

 
• At these lower Al concentrations, the large particle concentrations may be lower 

than the tool can detect.  This is supported by the fact that the concentration of 

large aggregates formed in the 50 ppm samples was proportionally low compared 

to the particles in the 80 to 300 nm range. 

• The shearing caused by the impeller in the Mastersizer is breaking up any flocs 

formed by Al contamination in the 25 to 1 ppm range.  If this is the case, then a 

study focusing on the 50 to 25 ppm range of Al contamination should be 

performed to determine the threshold Al concentration at which the Mastersizer 

can begin detecting large aggregates using the current tool settings. 

• There may exist a threshold Al concentration, below which no aggregation will 

occur and this concentration may be in the 25 to 50 ppm range.  To test this 

possibility, lower shearing tests could be performed.  A study varying the pump 

speed on the Mastersizer could be conducted at concentrations in the 25 – 50 ppm 

Al range and lower if it is found that decreasing pump speed allows for aggregates 

to be detected at 25 ppm Al.  In addition, tests using syringe injection, eliminating 

the use of the mixer in the Mastersizer may be helpful in detecting aggregates in 
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the 1 to 25 ppm Al range.  These tests should determine if there appears to be a 

concentration limit below which aggregates either do not form or cannot be 

detected using the Mastersizer. 

6.1.4.3.  Phase 2 Conclusions 

LPC data suggested that slurries doped with alumina and aluminum hydroxide (at 

50 ppm Al) did not aggregate.  However, LPC data did suggest that aluminum chloride 

hexahydrate doped slurries (at 50 ppm Al) aggregate.  When lower concentrations of 

aluminum chloride hexahydrate were tested using the Accusizer, no significant 

differences among 50, 1, 0.5 and 0.2 ppm Al were observed.  In addition, these LPC data 

differed from the original LPC data indicating tool variability and inconsistency.  A 

second instrument, The Malvern Mastersizer 2000, using SLS, was evaluated to 

determine if aggregation was taking place and to what extent.  The Mastersizer 

demonstrated highly repeatable results between 0 ppm Al samples and 50 ppm Al 

samples suggesting that smaller particles were aggregating to form large diameter flocs 

(4-60µm).  The Mastersizer did not detect large flocs at or below 25 ppm Al.  It should 

also be noted that the MPS values observed using the Mastersizer agreed well with those 

reported using the NiComp 380.  Further studies should be performed in the <50 ppm Al 

range as well as at lower pump speeds to determine the extent of aggregation at lower 

aluminum concentrations.    
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6.2.  Investigation of Copper-Hydrogen Peroxide Film Growth Kinetics 

6.2.1.  Introduction 

In the last decade, there has been a significant amount of work reported in the 

semiconductor processing literature regarding copper oxidation primarily because copper 

has essentially replaced aluminum interconnects due to resistivity and electromigration 

resistance issues with aluminum (Steigerwald et al., 1997 and Murarka, 1993).  The 

specific processes that this body of work has been associated with include wet-etching, 

dry-etching, chemical mechanical planarization (CMP), post-CMP cleaning, 

electrochemical mechanical planarization, and others.  In addition to fields relating to 

semiconductor processing, copper oxidation has been studied in catalysis, environmental 

engineering, biological systems, and many others.  It is the goal of this work to study 

aqueous phase copper oxidation by hydrogen peroxide (a common oxidant in copper 

CMP), specifically as it relates to CMP, however the fundamental characteristics and 

mechanisms reported may be applicable to other fields.   

State-of-the-art slurries typically include ligands, buffers, surfactants, and 

corrosion inhibitors in addition to oxidants to be effective in copper removal.  However, 

without oxidants, removal is negligible (DeNardis et al., 2005). The authors have 

therefore focused efforts on characterizing the oxidation process alone, in the absence of 

other additives.  The pH range of copper CMP slurries is also a topic of interest.  At low 

pH, corrosion problems exist and at high pH selectivity issues of copper to dielectric 

removal are prevalent.  Therefore, it has become of increased interest recently to use 
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slurries in the near-neutral pH range (5 to 8).  The pH range studied in this work ranges 

from 5 to 6.   

  There have been a significant number of studies in the field of CMP relating to 

aqueous phase copper oxidation (Deshpande et al., 2005, Kao et al., 2003, Ein-Eli et al., 

2003, and Wrschka et al., 2000), however there are still many unknowns regarding a 

fundamental mechanistic understanding of the process, first of which being the 

thermodynamic stability of copper species as a function of pH and potential.  For this 

reason, any study concerning the oxidation of copper usually refers to the classical 

equilibrium Pourbaix diagram in Fig. 6.2.1 for insight (Pourbaix, 1975).   
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Figure 6.2.1:  Pourbaix diagram of the Cu-H2O system at 25oC and {Cu} = 10 -6 M.  
(Stable species bold and metastable species underlined). 
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 Although these types of diagrams are invaluable tools for understanding the most 

stable equilibrium complexes, care must be taken to consider all possible complexes that 

may exist in a dynamic system such as CMP.  In addition to the stable species shown in 

Fig. 6.2.1, there exists the metastable species Cu(OH)2, which is known to undergo 

dissolution and precipitation reactions to form CuO (Pourbaix, 1975 and Cudennec et al., 

2003), nonetheless Cu(OH)2 has been found to be stable in aqueous solutions at room 

temperature (Cudennec et al., 2003).   

Another important characteristic is the copper concentration, which can be 

assumed equivalent to its activity in dilute systems.  Fig. 6.2.1 was constructed for {Cu} 

= 10 – 6 M, however as this quantity increases, lines (a) and (b) in the diagram will shift to 

the left, making the oxides of copper the most thermodynamically favorable equilibrium 

species at lower pH values than those illustrated on the figure.  It is therefore imperative 

to realize that when a measured pH and potential suggest the existence of certain species 

from a stability diagram, many others are still possible in a dynamic process like CMP.   

By examining Fig. 6.2.1, one can realize that it is not trivial to predict whether a 

copper substrate will demonstrate corrosion or passivation behavior in a heterogeneous 

system with pH values ranging from 4 to 6. For example, the following studies all 

included copper immersion experiments where a copper substrate was exposed to H2O2-

H2O solutions, at pH 4, for the purpose of measuring growth or etch rates.  These studies 

implied that H2O2 and H2O were the only components.  Hernandez et al. and Du et al. 

reported static etch rates using 4-point probe and weight loss measurements, respectively 
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for H2O2 concentrations ranging from 1 to 10 percent by weight (Hernandez et al., 2001, 

Du a,b et al., 2004). However, Nishizawa et al. reported oxide film growth using 

ellipsometry for H2O2 concentrations ranging from 5 to 10 weight percent (Nishizawa et 

al., 2004).  It can therefore be concluded that systems at pH values of 4 can be difficult to 

characterize, and the results may be affected by the particular methodologies and 

metrologies used.  As previously stated, the current study was performed to determine if 

systems at slightly higher values of pH are more stable. 

Another topic of debate in the literature is the mechanism through which copper 

oxidation and removal in CMP takes place.  To date, there is no conclusive mechanism in 

the literature for copper oxidation in aqueous hydrogen peroxide (Strukul et al., 1992), 

though the process has been adequately characterized using gaseous oxygen (Cabrera et 

al., 1949).  Many paths have been suggested and a few have been selected for emphasis 

here.  Most mechanisms described in the CMP literature are derivatives of the system 

described by Kondo et al. (Kondo et al., 2000).  This model includes initial oxidation of 

Cu0 to CuLm
n+, which can represent an oxide, hydroxide, or other complex layer.  This 

layer is subsequently removed by slurry particles, pad asperities, or a combination of 

both.  After removal of the oxidized layer, the Cu0 is re-oxidized and the cycle repeats. 

Other proposed mechanisms exist that include direct dissolution of the copper 

surface and precipitation reactions forming insoluble copper complexes that re-deposit 

onto the wafer surface (Kondo et al., 2000).  This re-deposited layer is then mechanically 

removed by pad asperities and/or slurry particles.  Both mechanisms are plausible, 

however the important aspect to emphasize is that in reality, passivation layers do not 
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grow as layers covering large portions of the wafer surface in CMP.  It has been 

suggested that the time a given site on the wafer may have for oxidation before the next 

‘clearing’ of the passivation layer by mechanical action occurs is on the order of 10-2 sec 

(DeNardis et al., 2003 and Haque et al., 2005).  It is well known that the early stages of 

copper oxidation involve nucleation and growth of oxide islands (Zhou et al., 2004, Zhou 

et al., 2003, Zhu et al., 2004, Zeppendfeld et al., 1989, Martin et al., 2001, Ocko et al., 

1988, Gorse et al., 1985, and Fauster et al. 1987) and it is these islands that are most 

likely grown and removed during CMP.  The structure and characteristics of these 

islands, however, can differ greatly depending on the slurry chemistry.  Some details 

concerning reaction mechanisms will be outlined in the Results and Discussion section, 

however the initial stages of oxidation can be generalized by the chemisorption of an 

oxide precursor such as H2O2, O2, OH-, OH·, among others (Deshpande et al., 2005, 

Kunze et al., 2004, and Vasquez et al., 1994).  Nucleation at sites suitable for oxidation 

occurs, causing islands to be formed.  In some gaseous systems, island saturation 

densities may be reached after a few moments where the oxidation process is governed 

by surface diffusion of oxidized species (Zhou et al., 2004 and Zhou et al., 2003).  In 

aqueous systems with constant mechanical interactions, it is difficult to determine the 

rate-limiting processes.  Many semi-empirical CMP models are based on this mechanism 

by including a fractional surface coverage term in the chemical and mechanical removal 

rate expression (DeNardis c, et al., 2005, Borst et al., 2002, and Sorooshian a et al., 2005).  

However, there is room for improvement in the existing models if the chemistry of the 

oxidation, complexation, and inhibition mechanisms could be better defined, to include 
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rate constants and activation energies that can be found in the literature.  This work 

focuses on wafer immersion experiments to characterize the oxidation of copper surfaces 

by H2O2 in slightly acidic media using X-ray photoelectron spectroscopy (XPS), scanning 

electron microscopy (SEM), atomic adsorption (AA), and ellipsometry.   

6.2.2.  Experimental Details 

The immersion apparatus consisted of a perfluoroalkoxy sample holder designed 

to hold one 100 mm Cu/TaN/SiO2/Si wafer in a stirred 2500 mL solution 10 cm above 

the bottom of the vessel.  The solution was stirred to minimize mass transfer effects.  All 

experiments were performed at room temperature.  CMP was performed on each wafer 

before it was immersed in solution using Fujimi PL7102 slurry with 1 weight percent 

H2O2 and a Rohm & Haas IC1000 K-groove pad to eliminate native oxides.  The slurry 

flow rate was 80 cc/min, applied wafer pressure was 13.8 kPa, and the sliding velocity 

was 0.62 m/s.  Immediately after CMP, the wafers were scrubbed with ultra pure water 

(UPW) for 30s, and dried in an ultra-high purity nitrogen gas stream.  For experiments 

using the microbalance, wafers were immediately weighed, placed in the sample holder, 

and immersed in the H2O2-H2O solution.  For samples using ellipsometry only, wafers 

were immersed immediately after drying with nitrogen gas.  After experiments, wafers 

were removed from the sample holder and gently rinsed (no scrubbing and low flow 

UPW) to remove any remaining reactants.  The samples were dried with nitrogen gas to 

minimize further oxidation and measured using the ellipsometer and microbalance.  

Immediately following these measurements, wafers were placed in a vacuum chamber at 
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-50 kPa.  The chamber was then pressurized to 50 kPa with nitrogen gas until SEM and 

XPS measurements were performed.  The microbalance used for mass gain/loss 

measurements was an Ohas Analytical Plus scale with 0.02 mg (standard deviation) 

accuracy.  A Geartner LSE-WS Waferskan ellipsometer was used for film thickness 

measurements while a Hitachi S-4500 field emission SEM and a Kratos 165 Ultra XPS 

were used for surface characterization and surface chemical analysis, respectively.  

Monochromatic Al-Kα X-ray source of 1486.6 eV at a power of 300 W was used for all 

XPS measurements.  The SEM accelerating voltage used was 5 kV.  The AA 

spectrometer used for solution characterization was a Perkin-Elmer 2380 

spectrophotometer. 

6.2.3.  Results and Discussion 

6.2.3.1.  Comparison of Microbalance and Ellipsometry Results in 1wt% H2O2 for 24hr 

Given the discrepancies in the literature regarding growth and etch rates of copper 

in H2O2 solutions at pH values of about 4, it was of interest to compare both ellipsometry 

and weight gain/loss methods to verify accurate calculation of film growth or etch rate.  

Using 1 weight percent H2O2 solutions, 20 measurements were taken over a 24 hour 

period with decreasing frequency since it was assumed that the most significant changes 

would occur early.  Each wafer was prepared as outlined in the Experimental section and 

a new 1 weight percent H2O2 solution was used for each of the 20 experiments.  

Ellipsometric measurements indicated early that a film was growing on the wafer. 

This was verified by mass gain measurements.  Optical constants of copper substrates 
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were obtained from literature (Nishizawa et al., 2004 and Hageman et al., 1975) for 

ellipsometric film thickness measurements.  To calculate film growth by mass 

measurements, the following mass balances were implemented: 

wsCuii mmm +=                                                    (6.2.1) 

wsfilmCuff mmmm ++=                                             (6.2.2) 

( )asCufilmCufCui mmm +=                                             (6.2.3) 

where mi and mf were initial and final wafer masses.  Initial and final copper masses were 

mCui and mCuf, while mfilm and mfilm(asCu) were the total mass of the film grown and total 

mass of the film grown as copper, respectively.  The mass of the remaining wafer stack 

including Si, SiO2, and TaN is represented by mws and was assumed constant.   

 
Eqs. 6.2.1-2 represent total initial and final mass balances, respectively while Eq. 

6.2.3 is a copper species balance.  AA measurements indicated that the copper mass loss 

to the solution was on the order of 10-5 gram, which was below the sensitivity of the 

microbalance.  Therefore, Eqs. 6.2.1-3 were sufficient to characterize the system without 

a term accounting for dissolution.   

These three equations can be solved to obtain an explicit solution for the film 

thickness grown, tfilm: 
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where d, ρ film, MW, and MWfilm are the wafer diameter, film density, and molecular 

weights of copper and the film, respectively.  The density and molecular weight of the 

film were assumed to be those of CuO as a first approximation (ρCuO = 6.31 g/cm3).   

The transient film growth profile is shown in Fig. 6.2.2.  The error bars on the 

ellipsometric measurements represent 3σ of the 45 measurements taken on each wafer.   
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Figure 6.2.2:  Transient copper film growth profiles in 1 wt% H2O2. 

 

A good correlation is shown between growth profiles measured by the ellipsometer and 

calculated from mass gain measurements.  To quantify this relationship, the thickness 

measurements for each technique were plotted against each other as a function of time as 

shown in Fig. 6.2.3.   
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Figure 6.2.3:  Correlation between film thickness measured by the ellipsometer and 
calculated from mass gain measurements. 

 

The data follow similar increasing trends up to 10 hours, after which, increased scatter in 

the data is evident as well as an apparent saturation at 500 Angstroms.  The scatter in the 

data, as well as the growth saturation could indicate that the system is reaching a 

diffusion-limited regime.  The solution pH = 5.5 (±0.5) remained approximately constant 

for all exposure times.   

6.2.3.2.  SEM Analysis 

SEM images of wafer surfaces initially (i.e. t = 0) and various exposure times to 

hydrogen peroxide (up to 22 hours) are shown in Fig. 6.2.4.  The image shown for t = 0, 

Fig. 6.2.4a, was taken immediately after CMP and drying with nitrogen gas. Grain 

boundaries are clearly visible and multiple crystal orientations are present, as would be 

expected after mechanical polishing.  However it is not clear if a surface film or native 
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oxides are present.  Fig. 6.2.4b shows the wafer surface after 5 minutes where it is 

obvious that the surface is non-uniformly covered with a film.  The surface drastically 

changes structure at 10 minutes where distinct individual, but randomly oriented crystals 

cover the surface.  The crystals have a rod-like structure and are 50 to 100 nm long.  As 

exposure time increases, the surface crystals increase in size. This is accompanied by an 

increase in the void space as well. The crystals at 1320 minutes, possibly during 

saturation, are 300-500 nm in size and exhibit a mixture of flake and rod-like structures.  

The fact that surface morphology continuously changes with time, suggests that reactions 

at the film-substrate interface are not the only processes contributing to growth.  

Reactions at the fluid-surface film interface and possibly throughout the bulk, though 

there is no direct evidence of this here, may also contribute significantly to the overall 

oxidation process.  Dissolution of the bulk copper film and re-deposition at the fluid-film 

interface has previously been observed at higher pH values (Kunze et al., 2004). 
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(a) (b) (c) (d)

(h)(g)(f)(e)  

Figure 6.2.4:  SEM imagery of copper surfaces for (a) no exposure to H2O2, (b) 5 min, (c) 
10 min, (d) 20 min, (e) 1 hr, (f) 5 hr, (g) 7 hr, and (h) 22 hr exposure to 1 wt% H2O2.  All 

scale bars are 500 nm. 

6.2.3.3.  Surface Composition Analysis 

The SEM analysis clearly indicated a transition from a bare copper surface with 

little or no oxides present, to a non-uniform film at 5 min, and then on to distinct rod-like 

crystals at 10 min.  Crystals were present for all exposure times greater than 10 min, and 

continued to increase in size for longer exposures.  Along with changes in surface 

morphology, it is important to determine how the surface composition changes with 

hydrogen peroxide exposure time.  Fig. 6.2.5 shows the Cu 2p3/2 XPS spectra for four 

samples exposed to 1 weight percent H2O2.  The sample at t = 0, Fig. 6.2.5a, analyzed 

immediately after CMP, was dried with nitrogen gas and quickly transferred to the XPS 

chamber to minimize native oxide growth.  The peak at 932.7 eV in Fig. 6.2.5a verifies 
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either the existence of Cu0 or Cu1+, however the cupric species is not present due to the 

absence of shake-up peaks in the 940-945 eV range.  It cannot be concluded which 

species is present since Cu and Cu2O have similar binding energies and peak widths 

(Briggs et al., 1990).  However, the SEM images for the same sample clearly indicated 

copper grain boundaries suggesting that if an oxide was present, it was thin.  It has been 

shown that the rate of Cu2O formation is much faster than that of CuO and only a thin 

layer of Cu2O is formed before nucleation of CuO begins (Kunze et al., 2004 and Muthe 

et al., 1998).  So, if any oxide was present on the t = 0 sample after CMP, it must have 

grown quickly.  It is possible that if there was oxide at t = 0, that it was a very thin layer 

of Cu2O that still allowed for the grain boundaries to be visible.  Auger spectroscopy 

would be required to determine if the Cu 2p3/2 spectrum is indicating Cu0 or Cu1+, and 

this is discussed later.   

The spectrum for the sample exposed to 1 weight percent H2O2 for 5 minutes 

(Fig. 6.2.5b) is indicative of a Cu+/Cu2+ mixed system (Briggs et al., 1990). The shake-up 

peaks at 940-945 eV verify the presence of Cu2+.  The principle Cu 2p3/2 peaks for CuO 

and Cu(OH)2 are at 933.7 and 934.9 eV, respectively (Briggs et al., 1990 and Wagner et 

al., 1979).  Therefore, the broadening of the primary Cu 2p3/2 peak (931-937 eV) is most 

likely due to the existence of both species.  In addition, the visible shoulder at 932.7 eV is 

indicative of the existence of Cu2O.  Therefore, at 5 minutes, the existence of Cu2O, CuO, 

and Cu(OH)2 can be verified, but there is no evidence indicating that metallic Cu is 

present.  The SEM imagery for the 5 minute exposure revealed a non-uniform film 

covering the copper surface.  Individual crystals were not present but neither were grain 
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boundaries.  As reports in literature suggest (Kunze et al., 2004, Vasquez et al., 1994, and 

Wagner et al., 1979), Cu2O forms first on the copper surface, but after the surface is 

covered, CuO growth will ensue, along with dissolution, as the layer thickens.  Also, 

copper dissolution byproducts, Cu(OH)2 for example, have been shown to precipitate on 

the oxide surface at the fluid-oxide interface, which explains the existence of CuO, Cu2O, 

and Cu(OH)2 during the early stages of oxidation (Kunze et al., 2004).  The spectra in 

Figs. 6.2.5c-d are almost identical to Fig. 6.2.5b, except for the symmetry of the primary 

Cu 2p3/2 peak.  This symmetry, hence no shoulder as in Fig. 6.2.5b, indicates the lack of 

Cu2O.  The absence of Cu2O can be explained again, because it is the first species to 

form; therefore it will remain in the proximity of the metal-oxide interface.  Since XPS 

only detects surface species, Cu2O would not be detected as a thick CuO/Cu(OH)2 duplex 

structure forms.  
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Figure 6.2.5:  Cu 2p3/2 XPS spectra of samples (a) immediately following CMP and 
immersed in 1 wt% H2O2 for (b) 5 min, (c) 1 hr, and (d) 22 hr. 

 
The XPS analysis suggests that a CuO/Cu2O/Cu(OH)2 layer forms at exposure 

times of less than five minutes, but for longer times the film surface composition changes 

to a CuO/Cu(OH)2 mixture.  The SEM imagery complements the XPS results by 

suggesting that the initial tri-component layer is a non-uniform film with no distinct 

crystals, whereas the bi-component surface demonstrates individual, randomly oriented 

rod-like crystals that increase in size as exposure time to hydrogen peroxide progresses.  
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During the saturation phase of growth (t > 820 min, from Fig. 6.2.2), larger rod-like and 

flake-like structures are observed, suggesting that, because of diffusion limitations, 

oxidants may not reach the metal-oxide interface, but continue to react at the film surface 

and in the bulk film.  One unclear aspect is the composition of the wafer surface 

immediately after CMP.  It is important to understand if an initial oxide was present or if 

the surface was bare copper before exposure to H2O2.  Fig. 6.2.6 represents the full XPS 

spectra, 0 to 800 eV, for three H2O2 exposure times, excluding the Cu 2p peaks shown in 

Fig. 6.2.5.  The peaks at 284.8 and 530 eV signify C1s and O1s, respectively.  The 

existence of the carbon peak was repeatable and its magnitude was consistent for the 

various times measured.  It was therefore determined that the carbon present was most 

likely due to air exposure, because the carbon peak existed even for the t = 0 

measurements, which were only polished and dried.  However, the intensity of the 

oxygen peak increases with time, Figs. 6.2.6a-c, as expected due to the copper oxides and 

hydroxide present in the Cu 2p spectra.  It should be noted however, that the relative 

intensities of the carbon and oxygen peaks are the same at t = 0, Fig. 6.2.6a, suggesting 

that the initial oxygen present is associated with carbon, not copper.  Therefore it is 

reasonable to conclude that after CMP the surface is mostly composed of bare copper 

metal and a very thin layer, if any, of Cu2O.  It is for this reason that additional Auger 

analysis was not performed. 

The implications of these conclusions provide additional insight of copper CMP 

mechanisms.  A comprehensive copper CMP mechanism proposed by Paul accounts for 

oxidation of Cu0 to Cu+ in the first step and oxidation of Cu+ to Cu2+ in the second step 
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(Paul et al., 2004).  Fig. 6.2.4a clearly shows grain boundaries after CMP, however it is 

reasonable that some oxide islands may exist on the wafer surface since the wafer is 

exposed to the peroxide-containing slurry for a short time between polishing and rinsing.  

However, XPS measurements verify that any oxide present is Cu2O, not CuO.  Therefore, 

even though the time-scales for oxidation during CMP are significantly lower than the 

exposure times studied here, the fact that no Cu2+ is present on the wafer surface after 

CMP (t = 0) suggests that the formation of Cu+ may be the only oxidation step of interest 

in modeling 1 weight percent H2O2 systems.  This conclusion is also supported by 

previous gaseous oxidation literature (Kunze et al., 2004 and Muthe et al., 1998) 

observing that rate of Cu+ formation is faster than Cu2+ and is evidenced by the shoulder 

in Figure 6.2.5b at 5 min, which is not observed for later times. 
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Figure 6.2.6:  Full XPS spectra (0-800 eV) of samples (a) immediately following CMP 
and immersed in 1 wt% H2O2 for (b) 5 min and (c) 1 hr. 

 

6.2.3.4.  The Effect of H2O2 Concentration  

SEM and XPS analyses and the growth profile were used to propose a general 

copper oxidation mechanism for the 1 weight percent H2O2 system discussed above.  

However it is of great interest to characterize the copper film growth kinetics for other 

H2O2 concentrations as suppliers of commercially available copper CMP slurries 

recommend different hydrogen peroxide concentrations for their individual products. 

Interesting trends have been repeatedly reported in the CMP literature (Kao et al., 2003, 
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Hernandez et al., 2001, Du b et al., 2004, and Chen et al., 2004) demonstrating an initial 

increase in material removal rates, RR, with increasing H2O2 concentration until a 

maximum RR is reached at 1 to 2 weight percent H2O2 concentration, and then a sharply 

decreasing RR trend for increasing amounts of H2O2. Although the reasons for these 

observations are not well understood, a few possibilities have been suggested.  One 

proposed cause of the decreased removal rates at higher H2O2 concentrations is simply 

that the oxidation/passivation process is faster than mechanical removal, and an oxide 

layer is always present on the copper surface during CMP (Deshpande et al., 2005).  It 

has also been suggested that at higher concentrations of hydrogen peroxide, the passive 

film changes characteristics, such as strength and porosity, thereby inhibiting further 

oxidation (Kao et al., 2003, Nguyen et al., 2000, Paul et al., 2004, and Zeidler et al., 

1997).  It is therefore the objective here to characterize the growth profiles for H2O2 

concentrations of 0.25 and 4 weight percent at a pH value of 5. 

In CMP, as previously mentioned, the amount of time a specific site on the copper 

wafer surface may have for oxidation may be less than one second.  Unfortunately, ex-

situ ellipsometry does not allow for measurements to be taken at that frequency.  

Although the growth profiles shown and analyses performed in Sections 6.3.1-3 are 

important for fundamental understanding of the copper oxidation process, we have 

limited the experiments in this section to 2 hours with more frequent data acquisition 

suitable for short-term oxidation.  Fifteen wafers were exposed to H2O2 solutions for 

times ranging from 5 to 120 minutes to characterize the growth profile more completely.  

All of the same procedures were used here as in the previous experiments, however 
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because of the acceptable ellipsometry-microbalance correlation in Fig. 6.2.3 (R2 = 0.84), 

ellipsometry was the only method used in this study.  These results are summarized in 

Fig. 6.2.7.  
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Figure 6.2.7:  Transient copper film growth profiles for (a) 0.25, (b) 1.0, and (c) 4 wt% 
[H2O2]. 

 
The trends corresponding to the 0.25 and 1 weight percent H2O2 are similar, 

however the data associated with the 0.25 weight percent are always lower.  The data 

associated with the 4 weight percent H2O2 system follow almost the same trend as the 1 

weight percent system until about 60 minutes after which the profile of the 4 weight 

percent system begins to increase at a significant rate.  It is expected that at higher 

concentrations, the film growth rate would be faster.  However, while the data 

corresponding to the 0.25 and 1 weight percent solutions follow the same trend, the 4 

weight percent system demonstrates a quite different growth mechanism after 60 minutes.  

The significant increases in film thickness demonstrated by the 4 weight percent data 
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suggest that the trend would saturate at a much higher thickness than 500 Angstroms as 

was the case for the 1 weight percent solution seen in Figure 6.2.2.  The type of profile 

observed in Fig. 6.2.7 for the 4 weight percent H2O2 system has been observed in copper 

oxidation by oxygen gas at elevated temperatures and was attributed to oxide re-

crystallization processes (Cabrera et al., 1949) and a similar mechanism may be 

responsible for the trend here.  More work is necessary to completely characterize the 

different mechanisms involved in these processes, however this is beyond the scope of 

this work.  The 4 weight percent H2O2 experiments at pH 5 suggest that film growth 

proceeds at an increased rate with increased H2O2 concentration.  However, according to 

Fig. 6.2.7, even the 4 weight percent system exhibits a growth rate of only 10 Å/min.  

Correlations between hydrogen peroxide concentration and copper removal during CMP, 

as reported in the literature are not entirely clear, however, according to the growth rates 

measured here at pH 5, it is unlikely that a continuous oxide film is always present on the 

surface during CMP for the case of the 4 weight percent H2O2 system.  It also seems that 

the layer formed in the 4 weight percent system does not demonstrate different properties 

that inhibit growth for the times scale analyzed.   

However, as shown in Fig. 6.2.4, the surface morphology significantly changes 

with time, so it is possible that the films formed during very short times, less than one 

second, may demonstrate different properties at higher H2O2 concentrations that would 

make it more difficult to abrade.  For example, the density of Cu2O is lower than that of 

CuO [41].  Since Cu2O is known to form faster than CuO, it may be the dominant oxide 

at low H2O2 concentrations but as the H2O2 concentration is increased and the rate of 
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oxidation increases, the existence of CuO may become more prevalent at the short times 

encountered in CMP.  Material with a higher density may be more difficult to 

mechanically remove and may remain on the copper surface, inhibiting overall removal.  

Further, the increased concentration of OH· formed at higher H2O2 concentrations 

(Hariharaputhiran et al., 2000) may serve to form a protective layer on the oxide surface 

inhibiting removal.  Because no organic additives were used in this study, it is unclear 

how the organic components of commercial CMP slurries may affect the overall copper 

oxidation process.  The presence of copper ions and organic compounds, specifically 

those containing amino groups (Strukul et al., 1992 and Hariharaputhiran et al., 2000), 

has been shown to catalyze the decomposition of H2O2.  Though this may serve to 

increase reaction rates and removal rates in some cases, many organics are known to be 

OH· scavengers and may serve to decrease overall removal rates (Aieta et al., 1988 and 

Glaze et al., 1987).  Therefore, additional work should be performed to include the 

addition of common organic CMP slurry additives to monitor the effects on copper film 

growth.   

It can be concluded that copper film growth is faster at 4 weight percent H2O2 

than for 1 or 0.25 weight percent solutions.  However, the growth was not sufficiently 

fast as to suggest that there exists a continuous oxide film during CMP that serves to 

decrease overall removal rates or that properties of the films formed at high H2O2 inhibit 

further growth.  Therefore, the previously observed decreasing removal rate trends with 

increasing H2O2 concentration is best attributed to a higher stability, chemical or 

mechanical in nature, of the film formed at higher H2O2 concentrations during CMP, 
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which corroborates conclusions reached in previous work (Kao et al., 2003, Nguyen et 

al., 2000, Paul et al., 2004, and Zeidler et al., 1997).   

The oxidation studies in this work performed at significantly longer times that 

those encountered in CMP provide information useful to current CMP models.  Because 

the results of this work suggest that growth profiles originate from a near-zero film 

thickness at t = 0, growth trends may be interpolated to shorter times that those measured.  

Predictive parameters extracted from these long-term experiments can be incorporated 

into the first step of multi-step CMP models, which concerns oxidation of the bare metal 

surface.  To date, the fitting parameters used in CMP modeling efforts for the oxidation 

step are not related to oxide growth kinetics.  If the removal rates observed in copper 

CMP are on the same order as the initial growth rates interpolated from measured trends, 

then these long-term oxidation experiments should be sufficient to characterize the 

process at the time scales encountered in CMP. 

6.2.4.  Conclusions 

Copper oxide/hydroxide films have been shown to form on copper surfaces at a 

pH of 5 for various H2O2 concentrations.  Film growth profiles were confirmed using 

ellipsometry and microbalance mass gain measurements.  Grain boundaries were 

observed in SEM imagery of copper surfaces immediately following CMP, suggesting 

that the surface was mostly copper with little, if any, oxide.  XPS spectra verified that 

some Cu2O was most likely present but no cupric species were identified.  After 5 

minutes of H2O2 exposure, the copper surface was covered with a non-uniform film that 
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was composed of CuO, Cu2O, and Cu(OH)2.  The surface morphology significantly 

changed after 10 minutes of H2O2 exposure, revealing distinct 50-100 nm rod-like 

crystals that were determined by XPS to be composed of cupric oxides and hydroxides 

only.  The crystals continued to increase in size and void fraction over a 22 hour period, 

after which 200-300 nm rod and flake-like crystals were present with little changes in 

surface composition. 

In 1 weight percent H2O2 solutions, the copper film growth began to saturate at 

500 Angstroms after 800 min.  Lower H2O2 concentration film growth profiles were 

consistently lower than 1 weight percent profiles.  At 4 weight percent H2O2, the film 

growth profile was consistently higher, but followed a similar trend as 1 weight percent 

data for the first 60 minutes of H2O2 exposure.  After 60 minutes, the 4 weight percent 

H2O2 thickness trend began to significantly increase, revealing a quite different growth 

mechanism.  An attempt was made to explain decreasing CMP RR trends with increasing 

H2O2 concentration.  Given that the initial growth rate of the highest H2O2 concentration 

tested, 4 weight percent, was only 10 angstroms per minute, it is not likely that the oxide 

is growing faster than mechanical removal in an H2O2-H2O system.  However, the 

organic compounds that are common in commercial CMP slurries may serve to decrease 

the oxidative capacity of H2O2 at higher concentrations.  Another possibility is the 

dominant surface species formed at higher H2O2 concentrations demonstrate a higher 

mechanical or chemical stability, which inhibit mechanical removal than those at lower 

concentrations. 
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6.3.  Characterizing Step 1 in the General Removal Rate Model:  Copper 

Oxide Growth 

6.3.1.  Introduction 

Section 6.2 provided insight into fundamental copper-hydrogen peroxide 

interactions that to date have been highly controversial.  Many studies in the CMP 

literature have been performed at pH 4 and these studies present conflicting results:  some 

report copper etch rates in H2O2-H2O solutions, while others report growth rates.  To 

remedy this debate, a system was examined based on the Fujimi PL7102 commercial 

copper CMP slurry which when diluted and blended with the appropriate concentration of 

hydrogen peroxide demonstrates a near-neutral pH.  An industrial push toward 

implementing more near-neutral CMP slurry formulations has originated to mitigate costs 

of downstream CMP waste treatment as well as minimizing dishing and erosion.  The pH 

range examined in Section 6.2 was slightly more acidic (pH 5-6) than the Fujimi 

formulation, however based on the Pourbaix diagram in Figure 6.2.1, if oxide is formed 

at pH 5, it will also form at pH 7.  Therefore, it was concluded that a CMP removal rate 

mechanism that was based on a passivation layer formation as its first step is definitely 

applicable to the Fujimi 7102 formulation and other slurry formulations at or above this 

pH.  Slurries at pH 4 and below should be closely studied to determine if the copper 

substrate dissolves or a passivation layer is grown, because the result will determine if a 

removal rate model such as that proposed in Section 5.1 is applicable.   
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Even though the reaction times studied in Section 6.2 were much longer than the 

time a specific site on a wafer surface may have for oxide growth during CMP, many 

important features of the growth process were identified, which contribute to a better 

understanding of the overall process:   

• Immediately after CMP, little if any oxide is present on the copper 

substrate.  This feature is crucial from a modeling perspective as it allows 

for an initial condition to be applied, which states that at t = 0, the 

thickness of oxide present is at or near zero. 

• Cuprous oxide, Cu2O, appears to form on the copper substrate first, 

followed by cupric oxide, CuO.  This result corroborates copper oxidation 

work where oxygen gas was used as an oxidant, though no specific studies 

were found that reported results for pure copper oxidation by aqueous 

hydrogen peroxide. 

• The surface of the oxide grown on the wafer changes significantly with 

time from a bare copper surface where grain boundaries are visible, to an 

amorphous film, to distinct rod and flake-like crystals. 

• Increasing H2O2 concentration does serve to increase the thickness of 

oxide grown.  However, this observation should be considered carefully as 

the growth profiles in Figure 6.2.7 illustrate that the increase in thickness 

as a function of concentration is not very large until times much greater 

than those encountered in CMP are reached. 
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Though the above conclusions are useful, the first step in the proposed overall 

CMP removal rate model has still not been fully characterized because the effect of 

temperature has not been investigated.  It is the goal of this section to determine how 

temperature affects the oxidation process.  Once the effect of temperature on the copper 

oxide layer growth has been quantified and subsequently characterized, parameters 

regarding the rate of copper oxide formation in the first step of the model will be known 

a priori and values will no longer need to be extracted from experimental removal rate 

data.  The following study has been limited to study the 1 weight percent H2O2 system.  

The reasoning behind this simplification is first because the Fujimi PL7102 formulation 

calls for this concentration.  In addition, the growth profiles in Figure 6.2.7 do not 

indicate significant differences among the three concentrations studies at relatively short 

times (t < 1hr).   

6.3.2.  Results and Discussion 

 Because the goal of this section is to determine parameters that will ultimately be 

incorporated in the general removal rate model to characterize oxide growth as a function 

of temperature, it is useful to examine to growth profiles measured in Section 6.2 at room 

temperature and propose a general model for the oxide growth.  Therefore, Figure 6.3.1 is 

simply Figure 6.2.2 presented here for reference. 
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Figure 6.3.1:  Transient film growth profiles in 1 wt% H2O2. 

 

The growth profile appears fairly linear up to approximately 200 Å, after which 

ellipsometric measurements demonstrate increased variability.  However, if the data 

below 200 Å were regressed, the y-intercept would clearly not be the origin.  In addition, 

one of the significant conclusions of Section 6.2 was that the copper surface immediately 

after CMP (t = 0) was relatively oxide-free, therefore the regressed intercept of 

approximately 80 Å is not reasonable.  These characteristics suggest that the oxidation 

process demonstrates fast initial rates, which then slow appreciably to result in the trend 

exhibited by Figure 6.3.1. 
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6.3.2.1.  Background and Preliminary Results 

Experiments in this study used the same procedures, apparatus, and metrology 

described in Section 6.2.  Figure 6.3.2 presents oxide thickness data as a function of time 

and temperature for short times (under 20 minutes).  It is observed from the figure that 

significant variation exists in the thickness data at low times and temperatures.  This 

variation is due to experimental limitations in using ex-situ ellipsometry and despite 

multiple efforts, could not be avoided.  At short times and low temperatures, many of the 

ellipsometry measurements did not detect oxide, so, many of the 49 points measured on 

each wafer indicated thickness equal to zero, causing the high standard deviations.  This 

phenomena makes sense as early stages of copper oxidation have been found to occur as 

islands and it proved difficult to actually measure many of these islands at low oxidant 

exposure times and temperatures.  For these reasons, measurements under 5 minutes were 

not reported.  These problems only existed for the 25oC experiments and the 5 minute test 

for 40oC, the remainder of the data sets demonstrate much lower standard deviations, 

indicating a more uniform layer of oxide covering the copper surface.  The data in Figure 

6.3.2 demonstrate oxidation profiles that proceed at a fast initial rate that decreases as the 

oxide film thickens.  In addition, increasing temperature increases the growth rate in all 

cases.       
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Figure 6.3.2:  Copper oxidation profiles using 1 wt% H2O2 as a function of temperature 
for short times. 

  

A system quite familiar in the semiconductor industry that demonstrates trends 

similar to those in Figure 6.3.2, which has been characterized and widely accepted, is the 

thermal oxidation of silicon.  Silicon can be oxidized using dry or wet oxygen gas at 

various pressures and temperatures to yield silicon dioxide.  The process is used often to 

grow ILD layers during the semiconductor manufacturing process.  Typical silicon 

oxidation profiles as a function of temperature are shown in Figure 6.3.2 (the profiles 

shown are for rapid thermal oxide, RTO, grown at high pressures). 
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Figure 6.3.2: Typical silicon oxidation profiles as a function of temperature (Mosleh et al. 
1985). 

 

Given that the native oxide thickness on silicon is approximately 10 Å, these profiles 

illustrate similar rapid growth rates at short times that decrease with increasing time as 

the copper oxide growth profiles in Figure 6.3.2.  Because copper oxidation profiles are 

similar to the silicon oxidation profiles, it is of interest to explore the model used to 

characterize the trends in silicon oxidation. 

The model typically implemented in silicon oxidation is based on the one-

dimensional transport of oxygen through bulk SiO2 to the Si-SiO2 interface where the 

following reaction takes place: 

Si(s) + O2(g)  SiO2(s)                                                  (6.3.1) 



  
 
 

311

The system can be schematically represented by Figure 6.3.3: 
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Figure 6.3.3:  Representation of the 1-D silicon oxidation system. 

 

The process consists of oxygen, which dissolves in its diatomic form (Rosencher, 1979), 

that is exposed to the partially oxidized surface of a silicon wafer at z = 0.  The diatomic 

oxygen diffuses through the SiO2 lattice to the SiO2-Si interface where it reacts as in Eq. 

6.3.1.  A complicating aspect of the silicon oxidation system is that both boundaries, z = 

0 and z = Z, are a function of time.  The fact that Z is a function of time is obvious 

because the reaction 6.3.1 requires the consumption of Si.  The movement of z = 0 with 

time is due to the differences in density of bulk Si and SiO2.  However, some assumptions 

can be made to simplify the system.  The assumptions implied in the following analysis 

are:  
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• Oxygen molecules react heterogeneously at the SiO2-Si interface given by Eq. 

6.3.1 and do not react throughout the bulk SiO2.  This implies that the reaction at 

the interface is first-order in oxygen concentration. 

• The diffusion process occurs at steady-state.  This is known as a quasi-steady-

state assumption and implies that time required for a molecule to diffuse through 

a distance z through the bulk SiO2 is fast compared to time required for a 

thickness z of SiO2 to be formed.  Meaning that the moving boundaries at z = 0 

and z = Z appear stationary to a molecule of oxygen diffusing through the SiO2. 

 

The model is developed as follows.  Neglecting convective terms, the equation of 

continuity reduces to Eq. 6.3.2 for a steady-state system. 

0
z
CD

t
C

2

2

=
∂
∂

=
∂
∂                                                   (6.3.2) 

The boundary conditions are given in Eqs. 6.3.3-4, where the concentration of A at z = 0 

is a surface concentration Cs governed by a solubility relationship between the reactant 

and the oxide.  The second boundary condition imposes that there is no accumulation of 

oxygen at the Si-SiO2 interface, meaning that all the oxygen arriving at the interface from 

diffusion reacts to form SiO2. 

sCC =  at z = 0                                                          (6.3.3) 

Ckr)
z
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∂
∂   at z = Z                                               (6.3.4) 
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Eq. 6.3.2 can be integrated twice and the boundary conditions used to determine the 

constants of integration giving the steady-state concentration profile of oxygen in the 

bulk SiO2: 

s
s Cz

D
kZ1

kC
C +

+

−
=                                                       (6.3.4) 

From the stoichiometry of Eq. 6.3.1, that one mol of A is moving in the (+) z-direction 

for every one mol of SiO2 moving in the (-) z-direction, so at steady-state the number of 

moles of SiO2 formed per unit area per unit time, NSiO2, is: 

D
kZ1

kC
NN s

2O2SiO

+
=−=                                                     (6.3.5) 

The rate of growth of oxide is then given by: 

D
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dZ s

2SiO
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+ρ
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Which upon integrating yields the commonly used Linear-Parabolic model (also known 

as the Deal-Grove model): 
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The molar volume of SiO2, vm,SiO2, is given by the ratio of ρSiO2 to MWSiO2 and Zo is the 

oxide height at t = 0.  Eq. 6.3.7 is commonly used to characterize the thermal oxidation of 

silicon, where temperature is accounted for by imposing Arrhenius relationships for k and 

D.   
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 Before attempting to apply Eq. 6.3.7 to the copper oxidation system, it is 

important to examine the differences that may exist between silicon and copper 

oxidation.  It has been discussed in great detail in the literature (Cabrera et al., 1949 and 

Fehlner et al., 1970) that the mechanisms involved in the oxidation of substrates is a 

strong function of the nature of the oxide formed.  Therefore, the structures of SiO2 and 

Cu2O, because one of the conclusions of Section 6.2 was that cuprous oxide most likely 

is the first oxide to form, are examined.  The structure of SiO2 is shown in Figure 6.3.4. 
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Figure 6.3.4:  Various views of the SiO2 unit cell structure (Naval Research Laboratory:  
Materials Science and Technology Division, 2005).  The large spheres represent silicon 

atoms and the small spheres represent oxygen atoms. 

 

Silicon dioxide is known as a glass network former, and these types of crystals exhibit 

high-strength covalent bonding.  In these types of networks, smaller cations are held 

tightly, making them less likely to be mobile.  However, the large five and six-member 

rings that can be seen from certain views in Figure 6.3.4, form large channels in the 3D 
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structure of SiO2 facilitating the transport of large anions through it.  Conversely, the 

structure and nature of cuprous oxide is quite different as can be seen in Figure 6.3.5. 

 

Figure 6.3.5:  The unit super-cell of cuprous oxide (Filippetti et al., 2005).  The small 
white spheres represent copper atoms and the large shaded spheres represent oxygen 

atoms. 

 

Cuprous oxide can be classified as a network modifier that exhibits ionic bonding, which 

is significantly weaker than the covalent bonding exhibited by network formers.  The 

weaker bond strength results in cations that are not held as tightly.  Another important 

aspect of the structure can be interpreted from Figure 6.3.5 in that the oxide can be 

visualized as a series of inter-twined sheets.  The copper atoms linked to the dark shaded 

spheres represent one sheet, while the copper atoms linked to the lightly shaded spheres 
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represent another sheet.  The result of this inter-twined sheet structure is a film that does 

not have large channels through it as was the case with SiO2.  The lack of large channels 

makes it difficult for the larger anions to migrate through the oxide.  This fact coupled 

with the fact that the loosely-bound cations can readily move through ionic oxides 

suggest that the copper cations are most likely the species to migrate in the oxidation of 

copper, not the anions.  The important implication of this deduction is that if the Deal-

Grove model for the thermal oxidation of silicon were to be applied to the oxidation of 

copper, the key assumption that oxygen diffuses through the oxide to the oxide-substrate 

interface would be violated.  It should be noted that the copper oxidation system 

considered here uses hydrogen peroxide as the oxidant instead of oxygen.  However, the 

steric hindrance of H2O2 moving through the cuprous oxide structure would be even 

greater that that of O2.  Even the common dissociation products of H2O2 that demonstrate 

oxidizing capacity (HO2
-, O2, OH·, etc.) would demonstrate similar or greater resistance 

to moving through a structure like Cu2O (Pourbaix, 1975).  Therefore, it can be 

concluded that the oxidation of copper by hydrogen peroxide most likely proceeds 

through the cation migration mechanism discussed above. 

6.3.2.2. Model Development 

The cation migration mechanism briefly discussed in Section 6.3.2.1 was first 

developed for low temperature oxidation of metals by N. Cabrera and N. F. Mott 

(Cabrera et al., 1949) and a slight variation of the model development is presented here 

for copper oxidation in aqueous media using hydrogen peroxide.  Details of the following 

derivation may be found in the original works (Cabrera et al., 1949 and Mott, 1947).  The 
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mechanism begins with an absorbed layer of an oxidant on a copper substrate as depicted 

in Figure 6.3.6.  The absorbed layer could be a molecule of H2O2 or one of its 

decomposition products with oxidizing capacity listed above.  The absorbed, 

electronegative oxidant will begin to attract electrons from the copper substrate causing a 

flow of electrons to ensue as depicted in the figure.   

copper substratecopper substrate

e- e- e- e- e- e- e-e- e-e- e-e- e-e- e-e- e-e- e-e- e-e-e-e-

 

Figure 6.3.6:  Depiction of an absorbed oxidant layer on the copper surface and the flow 
of electrons that develops. 

 
After a sufficient number of electrons flow across the absorbed oxidant-copper substrate 

interface, some of the absorbed species will become anions and some of the copper 

species will become cations.  This inherent separation of charge that develops, creates a 

potential difference across the interface denoted as V, see Figure 6.3.7. 

VV

 

Figure 6.3.7:  Formation of ions at the interface of the copper substrate and the absorbed 
oxidant. 
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This potential that develops drives the movement of cations across the interface.  

However in order for a cation to move, there are two energies that must be overcome:  the 

energy of solution of the metal into the oxide (the energy of the nearest neighbors of the 

cation holding it in the lattice) and the energy required for the ion to transit from one 

interstitial position to the next.  The sum of these energies is denoted W.  A key 

assumption of this mechanism is that the flow of electrons from the substrate to the 

absorbed oxidant in Figure 6.3.6 is much faster than the movement of the cations. 

VV

VV

VV

 

Figure 6.3.8.  Illustrating the cation migration (from bottom to top) resulting in copper 
oxide formation denoted by shaded sphere with X. 

 



  
 
 

320

The cation moves across the interface as illustrated in Figure 6.3.8 to form a molecule of 

oxide.  This process continues as a multiple monolayers of oxide are formed on the 

copper surface, see Figure 6.3.9. 

 

Figure 6.3.9.  Multiple oxide monolayers formed through the cation migration oxidation 
mechanism. 

 
For the remainder of the model development, the basis of the oxidation process will be 

the drift velocity of the cation across the oxide interface, ν.  In general, the drift velocity 

of an ionic species is proportional to the electric field to which it is applied (Levine, 

1995): 

EBµ=ν                                                       (6.3.8) 

However, for very thin films (10-6 cm) that demonstrate strong electric fields, the drift 

velocity of an ion is no longer proportional to it (Mott, 1947).  Suppose that an ion must 

overcome a potential barrier, W, in order to move from one interstitial site to another.  

Recall, that this potential barrier is the sum of the energy of solution of the cation in the 

oxide (U) and the energy required for movement of the cation (U’).  Figure 6.3.10 depicts 

the potential energy of an ion in a metal in contact with oxide as shown in Figure 6.3.9. 
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Figure 6.3.10:  Potential energy of a metal cation in contact with an oxide as shown in 
Figure 6.3.9. 

 

In the absence of a field, the probability per unit time that an ion will move from A to B 

is: 

⎟
⎠
⎞

⎜
⎝
⎛−=

kT
Wexpfp                                               (6.3.9) 

where f represents the frequency of atomic vibrations and k is the Boltzmann’s constant.  

However, in the presence of a field, Ε, the energy required for the ion to move in the 

direction of the field, as depicted in Figure 6.3.7, will be lowered by Ε− qa
2
1 , where q is 

the proton charge, 1.6 x 10-19 C, and a is the inter-atomic distance shown in Figure 

6.3.10.  The probability per unit time that an ion will move from A to B in the presence of 

a field in the direction of A to B is then: 
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In the opposite direction of the field, the chance of movement is subsequently decreased 

by the same factor so that the probability of movement becomes: 
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Which for weak fields, reduces to: 
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Given that the definition of drift velocity is ap=ν , Eq. 6.3.12 demonstrates the same 

direct proportionality of ν on Ε as Eq. 6.3.8.  However, for strong fields the motion of 

ions in the opposite direction of the field is negligible and p becomes: 
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The final step is to relate the expression for probability for a cation to move in thin films, 

Eq. 6.3.13, to the rate of oxide growth, which can be expressed as: 

 

=
dt
dx (volume of oxide formed per cation) (# cations per unit area) (p)    (6.3.14)          

 

In addition, the field strength, Ε, is equal to 
x
V , where V is the potential difference across 

the oxide, Figure 6.3.8, and x is the oxide thickness.  Therefore Eq. 6.3.14 can be 

expressed in terms of W and V: 

⎟
⎠
⎞

⎜
⎝
⎛

⎟
⎠
⎞

⎜
⎝
⎛ −

Ω= V
kTx2
qaexp

kT
WexpfN

dt
dx                                   (6.3.15) 
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where Ω is the volume of oxide formed per cation and N is the number of cations per unit 

area.  The quantity NΩf is taken to be 104 cm/sec (Cabrera, 1949), and a was assumed 

equal to 4Å, the lattice constant for Cu2O (Krishnamoorthy et al., 1970).  Given the 

constants, q and k, the only unknowns in Eq. 6.3.15 are W and V, which can be extracted 

from the oxide growth profiles as a function of temperature, Figure 6.3.1.  

6.3.2.3. Model Evaluation 

An iterative procedure was used to minimize the sum of squares error between the 

model, integrated form of Eq. 6.3.15, and the data sets in Figure 6.3.1 to determine the 

optimum values of W and V.  The comparisons between the data and the fit of Eq. 6.3.15 

for each temperature are shown in Figures 6.3.11-14. 
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Figure 6.3.11:  Comparison of the model, Eq. 6.3.15, to the copper oxidation profiles 
obtained at 60oC.  
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Figure 6.3.12:  Comparison of the model, Eq. 6.3.15, to the copper oxidation profiles 
obtained at 50oC.  
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Figure 6.3.13:  Comparison of the model, Eq. 6.3.15, to the copper oxidation profiles 
obtained at 40oC.  
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Figure 6.3.14:  Comparison of the model, Eq. 6.3.15, to the copper oxidation profiles 
obtained at 25oC.  
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The optimum parameters determined for the model used in Figures 6.3.11-14 are shown 

in Table 6.3.1 along with previous experimental values reported in the literature. 

 

Table 6.3.1:  Values obtained for W and V compared to theoretical calculations and 
previous work. 

oxidant T(oC) =   8 25 30 40 50 60
Cabrera and Mott* O2(g) W (eV) 1.0

1949 V (V) 1.0
Krishnamoorthy, et al. O2(g) W (eV) 0.9 0.965 1.05

1970 V (V) 0.5 0.5 0.5
Current Study H2O2(aq) W (eV) 0.831 0.837 0.849 0.850

V (V) 0.95 0.95 0.95 0.95
* = based on theortical calculations  

 

 The theoretical values in Table 6.3.1 were on the order of 1 eV and 1V for W and 

V, respectively.  These calculations were specifically based on the oxidation of copper by 

oxygen gas.  However, in practice, it was found that the optimum value of W was found 

to be lower and slightly increased with temperature as demonstrated by the work of 

Krishnamoorthy et al.  They concluded that this slight increase in W (which is only on 

the order of 2 to 3 kcal) might be due to an increase in the energy of solution of the metal 

ion in the oxide with temperature.  This type of increase of energy has been reported for 

other oxides, specifically oxides of nickel that demonstrate similar semiconducting 

properties as cuprous oxide (Gulbransen et al., 1954).  The work of Krishnamoorthy et 

al., however did report a constant potential as a function of temperature, which agrees 

with the results of this work.  The values of W reported here are lower than those 
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reported in theory and in practice for oxygen oxidation of copper, which is intuitive as 

hydrogen peroxide is a much stronger oxidant than oxygen and the activation energies for 

both dissolution into the oxide and movement across the oxide are most likely lower for 

stronger oxidants.  The calculated potential developed across the metal-oxide interface is 

higher than values reported for oxygen-based systems, which also makes sense 

considering a stronger oxidant should provide a stronger driving force, V, for the 

reaction.  In addition, Eq. 6.3.15 illustrates that lower values of W and higher values of V 

facilitate faster oxidation rates.  The data presented by Krishnamoorthy et al. show that 

50 Å of oxide are grown after about 50 hours of exposure to oxygen gas, while the data in 

Figure 6.3.12 illustrate that an oxide thickness of 50 Å is reached in less than five 

minutes exposure to 1 wt% H2O2.  Therefore, faster rates, hence lower values of W and a 

higher value of V are expected in this study. 

 The values for W in Table 6.3.1 demonstrate slight temperature dependence.  The 

variation between the optimum values calculated in Table 6.3.1 and those based on a 

linear regression, Figure 6.3.15, introduces negligible error, therefore this linear 

relationship can represent W in Eq. 6.3.15.          
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Figure 6.3.15:  Linear dependence of W on temperature.   

 

 To apply the oxidation model characterized here to the removal rate model 

requires the rate of oxide growth, which, as represented in Eq. 6.3.15, demonstrates a 

dependence on the thickness of oxide at a given time.  Therefore, the rate of oxide growth 

can be plotted in terms of oxide thickness as function of time or as a molar growth rate.  

However, it is most useful to plot Eq. 6.3.15 in terms of thickness of oxidized copper, not 

copper oxide, as a function of time.  The reason for this seemingly obscure choice of 

units is that it allows for direct comparison to copper removal rates.  Recall, that the 

general theory of copper CMP requires that a passive film must be grown to be removed, 

meaning that only oxidized copper is removed.  In addition, removal rates for CMP data 

are reported in terms of thickness of copper removed; therefore it is useful to illustrate the 

rate of growth of oxidized copper (Figure 6.3.16). 
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Figure 6.3.16:  Copper oxidation rate as a function of oxide thickness and temperature.  
This representation allows for direct comparison to removal rates.  Solid lines represent 

typical copper removal rates, 1000 to 7000 Å min-1. 

 
 

Typical copper removal rates, 1000 to 7000 Å min-1, are shown along with the 

corresponding oxide thickness to achieve such rates in Figure 6.3.16.  The lines represent 

extreme cases because the highest copper removal rates most likely occur at temperatures 

higher than 25oC and the lowest copper removal rates most likely occur at temperatures 

lower than 60oC.  However the implications of Figure 6.3.16 provide critical insight into 

the oxidation process.  First, given that a copper-oxygen bond length is 1.85 Å (Filippetti 

et al., 2005), the trends in Figure 6.3.17 demonstrate that typical removal rates in copper 
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CMP can be achieved by oxidized copper growth rates at oxide thicknesses of 2 Å and 

higher.  This provides a sanity check to the oxidation model, for instance, if the oxide 

thickness required to achieve an oxidized copper growth rate of 7000 Å/min were less 

than the distance of a copper-oxygen bond in copper oxide, the model would have no 

physical meaning.  However, the fact that typical CMP removal rates can be achieved 

using characteristic oxide thicknesses of 7 to 12 Å means that a few monolayers of 

copper oxide are grown before they are removed by mechanical action and dissolution.  

To date, no conclusive evidence has been provided to determine this characteristic 

thickness of the passivation layer grown and removed in the cyclic copper CMP process.  

Corroborating this ground-breaking conclusion, reports have shown (Roberts et al., 1966) 

initial fast copper oxidation results in 4 to 6 monolayers of copper oxide formation in 

very short times. 

 Though the conclusions reached here provide crucial information regarding the 

fundamental processes in copper CMP, which agree nicely with physical constraints such 

as copper-oxide bond lengths, it is necessary to discuss alternative modeling possibilities.  

It has been shown that oxidation of metals such as iron and titanium (Kruger et al., 1964 

and Fehlner, 1968) demonstrate a fast initial oxidation linear period, which then 

transitions into growth profiles demonstrated by Eq 6.3.14.  In addition, the rates 

demonstrated in Figure 6.3.14 are not linear in the oxide thickness range of interest.  To 

the author’s knowledge, however, there is not a conclusive study reporting this behavior 

in copper.  However, for a moment conceding that this initial linear process, which would 

be faster than the logarithmic growth process demonstrated in Figure 6.3.14, does occur 



  
 
 

331

in copper oxidation, the result would simply be that faster oxidation rates would be 

possible with higher oxide thicknesses.  With respect to CMP, this means that the 

oxidation layer formed and removed may be a few more monolayers than predicted using 

the current model.  Because the oxide thicknesses of interest are so small, a model 

predicting a faster rate may only slightly affect the results.     

Yet another encouraging conclusion of this work is reached when the model 

developed is used to predict the time required to grow the oxide thicknesses of interest in 

the CMP process.  DeNardis et al. used spectral analysis of COF data for abrasive-free 

copper CMP to conclude a frictional event was occurring at a frequency on the order of 

10 ms, see Section 3.1 (DeNardis et al., 2003).  It was postulated that because the slurry 

lacked abrasives, COF measurements would be more sensitive to the actual surface 

processes occurring at the pad-wafer interface.  This frictional fingerprint at 10 ms was at 

a much higher frequency than all other frictional signatures at lower frequencies that are 

attributed to tool kinematics.  However, the most important observation was made after 

analyzing typical SiO2 CMP COF spectra.  The events observed at high frequency for all 

copper spectra were absent in all of the SiO2 spectra.  Therefore it was concluded that this 

event may be indicative of the cyclic growth and removal of the passivation layer grown 

and removed during the Cu CMP process, because it is known that this cyclic mechanism 

is not indicative of the SiO2 CMP process.  From the oxidation model, the time required 

to grow the oxide thicknesses of interest in CMP, 7 to 12 Å, is calculated to be between 6 

and 60 ms, respectively for 25oC.  This conclusion provides remarkable support to the 
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hypothesis that the event occurring at a frequency of 10 ms was indeed the growth and 

removal of the passivation layer.                

6.3.3.  Conclusions 

 A copper oxidation model was proposed based on cation migration to adequately 

represent measured copper oxide growth profiles as a function of temperature.  Though 

copper oxidation profiles appear similar to silicon oxidation profiles, the classic Deal-

Grove model could not be applied because of the apparent changes in surface 

morphology as a function of growth time for copper oxide, which violates the 

assumptions upon which the Deal-Grove model is based.  The two parameters extracted 

to fit the oxidation profiles, W and V, in the proposed model are related to activation 

energy of cation migration and the potential developed across the oxide film, 

respectively.  The potential was found to be 0.95 V and did not vary with temperature.  

Previous copper oxidation studies using oxygen calculated a potential that was lower, 0.5 

V.  The fact that the potential was found to be higher in the hydrogen peroxide system 

agrees quantitatively and qualitatively with theoretical arguments.  The activation energy 

was found to be 0.84 ± 0.01 eV and increased slightly with temperature.  This slight 

increase, on the order of 2 to 3 kcal, has been previously reported and attributed to an 

increase in activation energy of cation solution in the oxide.  The fact the activation 

energies calculated in this work are lower than those reported for oxygen oxidation is 

intuitive; a stronger oxidant should lower the activation energy barrier which must be 

overcome for a reaction to proceed.  The oxidized copper formation rates calculated 
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suggest that the typical oxide thicknesses involved during the cyclic oxide growth and 

removal mechanism in copper CMP are between 7 and 12 Å.  Though the oxidation 

model parameters are extracted from copper oxidation experiments on the minute time 

scale, there are a number of experimental, physical, and theoretical arguments that 

suggest the model represents the actual physical system and is applicable to the sub-

second timescales involved during the oxidation processes in copper CMP: 

 

• The copper-oxygen bond length in copper oxide is 1.85 Å.  Because the 

growth rates required to facilitate CMP removal rates in the 1000 to 7000 Å 

min-1 range require that the oxide thicknesses present is between 7 and 12 

Å, the physical constraint requiring the thickness of oxide be greater than a 

copper-oxygen bond is satisfied. 

• The calculated thicknesses of interest in CMP correlate to a few 

monolayers.  Previous experimental evidence shows that in the oxidation of 

copper, 4 to 6 monolayers are grown quickly during what was deemed an 

initial fast oxidation period. 

• A previous study using COF data obtained from copper CMP experiments 

using an abrasive-free slurry, hypothesized that the cyclic growth and 

subsequent removal of the passivation layer formed was on the order of 10 

mS.  The calculated oxidation times required to grow 7 and 12 Å of copper 

oxide using the model are 6 and 60 mS, respectively.  These calculated 

times agree remarkably well with the CMP study.   
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It is therefore concluded that the model developed and parameters extracted from 

the minute-scale oxidation experiments can be appropriately applied to sub-second 

timescales and used in CMP modeling. 
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6.4.  Characterizing Step 3 in the General Removal Rate Model:  Dissolution 

of Copper Oxide 

6.4.1.  Introduction 

 As previously mentioned, one of the major goals of this work is to improve the 

current two-step CMP removal rate model which includes surface passivation and 

mechanical removal.  A three-step model has been proposed that includes direct 

dissolution of the oxidized copper layer in addition to its mechanical removal.  It is 

common for commercial slurries to include complexing agents to aid in the removal 

process.  Although, it has been concluded in some studies that complexing agents serve to 

enhance removal by dissolving abraded material, dynamic etch rate results in Section 5.1 

indicate that complexants such as ammonia significantly increase removal rates in the 

absence of mechanical action by the pad.  This suggests that complexing agents also play 

a role in direct removal of copper from oxidized portions of the wafer surface.  Including 

this dissolution step in the overall removal rate model will allow more accurate 

determination of the true chemical and mechanical contributions of consumable sets.  To 

date, the five parameters used in the current two-step model are extracted from removal 

rate, COF, and temperature data in order to minimize RMS error.  However, it is of great 

interest to determine as many of these parameters a priori as possible.  It is the goal of 

this section to develop a novel method to characterize the interaction of Fujimi PL7102 

copper slurry with copper oxide, which can be applied to other commercial or 
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experimental slurry formulations.  The model developed and parameters measured will be 

incorporated into the calculation of k3 in the proposed three-step removal rate model.   

6.4.2.  Experimental 

The purpose of this study is to characterize the interaction of Fujimi PL7102 on 

the passivation layer formed in the first step of the proposed removal rate model.  Since it 

has been concluded in Sections 6.2 and 6.3 that the passivation layer formed on copper in 

hydrogen peroxide solutions is composed of copper oxide, the purpose here is to study 

the effects of the commercial slurry on a copper oxide surface.  In order to maintain a 

system as close as possible to the actual CMP process, copper oxide was grown on 

copper wafers using hydrogen peroxide solutions. 

Like the oxidation studies in Sections 6.2 and 6.3, CMP was performed on each 

copper wafer prior to oxidation to remove native oxides.  The wafers used consisted of 

copper deposited by electroplating on TaN-SiO2-Si.  After CMP, wafers were placed in a 

reactor containing 2500 mL 4 wt% hydrogen peroxide in UPW for 70 min, such that 

approximately 170 Å of copper oxide was grown on each wafer.  The conditions for 

oxidation were chosen from the previously obtained growth profiles (see Figure 6.2.7).  

The oxide thickness of 170 Å was chosen to yield a thick enough oxide such that if the 

dissolution proceeded fast, etching profiles could still be obtained.  The reason that larger 

thicknesses were not used was because of the long times required for oxidation as well as 

the fact that below approximately 200 Å, ellipsometric measurements demonstrated 
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significantly lower σ−values than at higher thicknesses.  A uniform thickness was 

desirable because etching experiments were monitored by mass.   

The reactor used for wafer oxidation was the same as that used in Section 6.2.  

After oxidation, the wafers were gently rinsed and dried with UHP nitrogen gas and 

measured with the ellipsometer.  The pre-oxidized copper wafers were then placed in a 

reactor with diluted Fujimi PL7102 slurry.  The slurry was diluted (9:1) with UPW, 

which is the recommended commercial formulation.  However, no hydrogen peroxide 

was added to the diluted slurry (as the commercial formulation usually requires) such that 

only the etching characteristics of the slurry were evaluated.  Preliminary ellipsometric 

results after reacting the oxidized wafers with the diluted slurry indicated that a surface 

film remained on the surface, which was not copper oxide.  However, microbalance 

measurements indicated a mass loss.  Due to the proprietary nature of the slurry 

formulation, the complexing agent(s) in the slurry responsible for etching are unknown 

and therefore the composition of the surface film after etching is unknown, making 

ellipsometric measurements difficult.  Because of the byproduct film that accompanied 

the copper oxide etching, the results were monitored with the microbalance only.  In 

addition, preliminary experiments indicated rapid mass loss (time scale of seconds rather 

than minutes observed for oxidation) so the reactor volume was decreased to 250 mL to 

conserve slurry.  Similar to Section 6.3, because of the temperature ranges encountered in 

CMP (25 to 60oC), the etching experiments were performed at 25, 40, and 60 oC.   



  
 
 

338

6.4.3.  Results and Discussion 

6.4.3.1.  Dissolution Profiles 

To study the etching characteristics of copper oxide by slurry solutions, 

approximately 170 Å of copper oxide were grown on copper wafers using 4 wt% 

hydrogen peroxide solutions.  The oxidized wafers were then exposed to diluted Fujimi 

PL7102 slurry for various times and three temperatures.  It was found that the dissolution 

process took place over 1 hour for room temperature experiments with the highest etch 

rates observed under 10 minutes, so reaction times were chosen accordingly.  Due to the 

proprietary formulation of the slurry, the composition is unknown, however a generalized 

etching reaction that takes place at the oxide surface can be defined as: 

RL(aq) + CuO(s)  RX(s) + Cu(L)i
2+

(aq)                                    (6.4.1) 

Which can be generalized, assuming first order kinetics, as: 

A(aq) + B(s)  C(s) + P(aq)                                          (6.4.2) 

RL is a complexing agent in the slurry and RX is a surface film remaining on the wafer 

surface after etching.  This film may or may not contain copper depending on the nature 

of the complexant.  It was observed that a soft surface film remained on the wafer surface 

even after long reaction times such that no further etching occurred.  Because of the 

proprietary nature of the slurry solution, the composition of the film is unknown, 

complicating ellipsometric measurements.  Therefore, results were monitored using a 

microbalance and are shown in Figure 6.4.1.  Due to the proprietary nature of the slurry, 

the researchers are under non-disclosure agreements (NDA) and non-analysis agreements 
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(NAA) with the slurry manufacturer.  This is the reason that the composition of the 

byproduct film was not analyzed.  Physical analysis of the film may be possible and 

results of such analyses would be useful in future modeling efforts.  Suggested analyses 

of this type are outlined in Chapter 7.      
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Figure 6.4.1:  Copper oxide dissolution mass loss profiles. 

 

For the highest temperature, 60oC, an apparent saturation is reached after 90s, indicating 

that all of the copper oxide available for dissolution has been etched.  The profiles of the 

lower temperatures do not reach saturation during the first 500s, however as shown in 

Figure 6.4.2 for the 25oC data, the profiles do approach the saturation at long times. 
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Figure 6.4.2:  Dissolution profile at long dipping times for 25oC. 

 

During CMP, an oxidized portion of the wafer surface will only be exposed to the 

slurry solution for a very short time, as quantified in Section 6.3, before it is completely 

removed by pad asperities and abrasives; therefore data at the shortest times possible are 

the most important.  In addition, data obtained after saturation are not useful (i.e. after 

90s for the 60oC measurements) for modeling purposes because there is no available 

copper oxide to etch.  Therefore all of the data in Figure 6.4.1 will be used in modeling, 

except the measurements after saturation for the 60oC experiments. 
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6.4.3.2.  Model Development 

The copper oxide dissolution system can be represented by considering a partially 

etched oxidized wafer exposed to a slurry solution at x = Χ + δ (Figure 6.4.3).  The 

control volume is the copper oxide grown on the copper wafer surface. 

x = 0

xc(t)

Χ

Χ + δ

unreacted copper 
oxide core

byproduct film

boundary layerNAs

NA NAc

slurry solution

copper metal
 

Figure 6.4.3:  Representation of copper oxide dissolution system. 

 

The molar flux of reactant A (which is RL(aq) in this case) at the slurry-byproduct film 

interface is NAs while the molar flux of A through the reaction surface is NAc, and NA 

represents the flux of A at any x.  The thickness of copper oxide, xC, is a function of time 

as the oxide is etched.  However, an assumption is made here that the rate of the decrease 

in the height of oxide as a function of time is slow compared to the flow of A through the 
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byproduct film, so xC can be taken to be steady-state (quasi steady-state assumption).  A 

limiting case will be considered where the dissolution process is controlled by the flux of 

the reacting species A, not controlled by the flux of aqueous byproducts away from xC, 

though that system is plausible as well.  Three processes may control the dissolution 

process:  (1) diffusion of A through the boundary layer controls the process, (2) diffusion 

of A through the byproduct film controls, and (3) the surface reaction at xC controls.  In 

these experiments, the solutions were stirred, and it has also been shown that copper 

oxide dissolution rates in aqueous media are not a strong function of stirring speed 

(Yartasi et al., 1996).  Therefore it can be reasonably concluded that diffusion of A 

through the oxide-slurry boundary layer does not control the overall process.  In the case 

of (3), considering the flat geometry involved in the system, the conversion of copper 

oxide, which is proportional to the mass loss measured in these experiments, is a linear 

function of time.  The results obtained in Figure 6.4.1 are clearly not linear in nature and 

therefore the surface reaction does not control the process.  Case (2) is slightly more 

complex than Cases (1) and (3) and the model will be developed as follows. 

In general, the molar flux of A at any distance x from byproduct film-copper 

oxide interface, NA, is: 

dx
dCDN A

A −=                                                       (6.4.3) 

and is related to the molar flow of A through the byproduct film-slurry interface by: 

A

2
A N

4
d

dt
dn π

=                                                      (6.4.4) 
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where d is the wafer diameter (equal to 100 mm) and nA represents mols of A.  By 

substituting Eq. 6.4.3 into Eq. 6.4.4 and integrating from Χ to xC, an expression for the 

molar flow of A in terms of the concentration of A at the byproduct film-slurry interface, 

CAS, can be obtained. 

( )
4
DCdx

dt
dn AS

2

C
A π

=Χ−                                             (6.4.5) 

To relate the change in mols of A to the system geometry, a mol balance from Eq. 6.4.1 is 

performed. 

C

2
B

BAB dx
4
ddVdndn πρ

=ρ==                                        (6.4.6) 

Substituting Eq. 6.4.6 into Eq. 6.4.5 and integrating from Χ to xC and t = 0 to t and 

rearranging gives: 

2
C

AS

2
B 1x

DC2
t ⎟

⎠

⎞
⎜
⎝

⎛ −
Χ

Χρ
=                                                  (6.4.7) 

where the time required to etch all of the copper oxide, τ, can be defined as: 

AS

2
B

DC2
Χρ

=τ                                                          (6.4.8) 

It is also useful to express Eq. 6.4.8 in terms of fractional conversion, XB, as well as mass 

of oxide. 

Χ

Χ

Χ

=
ρ

÷
ρ

=
Χ

=Χ
π

÷
π

==−
m
mmmx

4
dx

4
d

V
V

X1 C

BB

CC
2

C

2
c

B                      (6.4.9) 

where VC and mC are the volume and mass of the oxide core at time t and VΧ and mΧ are 

the initial volume and mass of the oxide.  So, Eq. 6.4.7 can also be shown as: 
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⎝

⎛
−τ=

Χ

                                                   (6.4.10) 

or 

2
BXt τ=                                                         (6.4.11) 

Diffusivities in solid-liquid systems often exhibit Arrhenius-type behavior.  

Because the type and concentration of the complexing agent in the slurry are unknown, 

CAS can be grouped with D in an Arrhenius relationship of the form: 

⎟
⎠

⎞
⎜
⎝

⎛−=
RT
E

expADC a
AS                                                (6.4.12) 

where Ea and A are the modified activation energy and Arrhenius pre-exponential 

constant, respectively.  To determine Ea and A from the pre and post-etching mass 

measurements, mC and mX from Eq. 6.4.10 must be defined in terms of measurable 

properties.  Measurements made in this study were the mass of the oxidized wafer before 

etching and the mass of the wafer after etching.  The initial wafer mass consists of the 

mass of oxide grown on the copper substrate, mX, and the sum of the mass of unreacted 

copper and the remaining TaN-SiO2-Si wafer stack, this sum is represented by mS.  

Because the initial thickness of oxide was measured via ellipsometry, the initial mass of 

oxide on the wafer can be determined: 

ox

2

B h
4
dm π

ρ=Χ                                             (6.4.13) 

So, mS can be obtained by subtracting the mX from the initial measured oxidized wafer 

mass, mWi: 
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XWiS mmm −=                                               (6.4.14) 

Similarly, mS can be subtracted from the measured final wafer mass, mWf, to yield the 

sum of mC and the mass of any reaction byproduct gained, mB: 

BCSWf mmmm +=−                                              (6.4.15) 

A problem arises in attempting to calculate mC from Eq. 6.4.15.  Since the type of 

complexing agent in the slurry is unknown, the composition, and hence mass, of the 

byproduct film is unknown.  However as earlier noted, it was observed that the byproduct 

film remaining after long times was extremely soft.  This was evidenced by the fact that it 

was easily removed by gently wiping the wafer surface with a PVA post-CMP cleaning 

brush and ellipsometric measurements indicated the resulting surface was pure copper 

with no film or oxide.  Even though this surface film was observed, the mass 

measurements indicated a decrease in the overall wafer mass, meaning that the amount of 

copper removed by the complexing agent in the slurry was significantly greater than any 

reaction byproduct that was remained on the wafer surface.  As an approximation, mB 

was assumed to be zero.  Any error introduced from this assumption would slightly 

decrease the measured copper mass loss, mX – mC, of each wafer.  The approximate 

measured copper mass loss can be characterized by combining Eqs. 6.4.10, 6.4.14, and 

6.4.15 : 
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6.4.3.3.  Determining Model Parameters 

The model parameters necessary to characterize the copper oxide mass loss 

system are A and Ea from Eq. 6.4.12.  These parameters can be determined by first 

determining τ.  Rearranging and plotting Eq. 6.4.10 in linear form should demonstrate a 

linear trend with a slope equal to τ-1, where mC and mX can be determined from the wafer 

mass measurements in Eqs. 6.4.14 and 6.4.15 (Figure 6.4.4). 
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Figure 6.4.4:  Determining τ from mass loss data. 

 

The fact that the data in Figure 6.4.4 demonstrate linear trends, which intersect the origin, 

supports that the model developed in Section 6.4.3.2, based on the fact that diffusion of A 
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through the byproduct film is the controlling process, can be used to adequately describe 

the system.  The unknown product DCAs, can be determined from the slopes in Figure 

6.4.4 and the known quantities in Eq. 6.4.8 (Table 6.4.1).   

 

Table 6.4.1:  Determining DCAs as a function of temperature from mass loss data. 

 

T (oC) 1/τ (s-1) τ (s) D CAs (mol cm-1 s-1)
25 2.30E-04 4.35E+03 2.63E-17
40 9.74E-04 1.03E+03 1.12E-16
60 9.02E-03 1.11E+02 1.03E-15  

 

Eq. 6.4.12 can be linearized and the data in Table 6.4.1 can be plotted to determine the 

model parameters A and Ea. 
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Figure 6.4.5:  Arrhenius plot to determine A and Ea. 
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To compare the measured wafer mass loss data to the model, Eq. 6.4.12 is 

substituted in Eq. 6.4.10 and rearranged to yield: 
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Cwfwi                       (6.4.17) 

Figure 6.4.6 compares the measured copper mass loss as a function of time to the model 

(Eq. 6.4.17) using the values of the parameters A and Ea extracted from Figure 6.4.5. 
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Figure 6.4.6:  Comparison of model (Eq. 6.4.17) with measured copper mass loss. 

 

The model developed fits the data quite well, suggesting that diffusion of the complexing 

agent in the slurry, A, through the byproduct film left on the copper oxide surface 
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controls the copper oxide dissolution process.  The values of Ea and A used in Figure 

6.4.6 are 86.9 kJ mol-1 and 4.12 x 10-2 mol cm-1 s-1, respectively.   

6.4.3.4.  Application of Copper Oxide Dissolution Model to Three-Step RR Model 

In order to apply the knowledge gained by characterizing the copper oxide 

dissolution process in the slurry solution to the general CMP removal rate model outlined 

in Section 5.2 consisting of the three primary CMP processes:  oxide formation, oxide 

dissolution, and mechanical removal of the oxide, the model developed in Section 6.4.3.2 

must be defined in terms of rate of copper consumption per unit surface area.  The rate 

equations are developed here in terms of the molar rate of copper consumption per unit 

surface area.  The molar rate of complexant consumed per unit surface area is equal to the 

molar flux of A evaluated at x = xC: 

C

a

xxAA x
RT
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C −Χ

⎟
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⎞
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⎝

⎛−
=−=

=
                                        (6.4.18) 

Also, note that the molar rate complexant consumed is equal to the molar rate of oxide 

consumption from Eq. 6.4.2, which is also equal to the molar rate of copper consumption 

assuming first order kinetics.  Therefore, rA is equal to the molar rate of copper consumed 

per unit surface area, rcu.  The most important characteristic of Eq. 6.4.18 is that the rate 

of copper consumption from the dissolution process is a function of the thickness of 

byproduct film formed on the copper oxide at the wafer surface during the CMP 

process, Χ − xC.  It is also important to note that the rate of copper oxide formation in 

Section 6.3 was found to be a function of a characteristic oxide thickness.  This 
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characteristic thickness will be denoted as xchar.  Some information should be considered 

in choosing values for this characteristic oxide thickness.  The Cu-O bond length in 

copper oxide is 1.85 Å, therefore, the characteristic oxide thickness must be greater than 

this quantity.  In addition, because of the relatively high removal rates observed in CMP, 

up to 9000 Å/min in some cases, the copper oxidation rate must be high enough to 

facilitate these removal rates.  This means that the range of possible characteristic oxide 

thicknesses can be estimated from the copper oxide formation rate plot as a function of 

xchar, Figure 6.3.16, in Section 6.3.  In other words, if xchar is too large in Figure 6.3.16, 

than the oxide growth rates would be less than the observed copper CMP removal rates 

and based on the traditional passive film formation-removal mechanism generally 

accepted to represent the process, this is not possible.  Therefore a reasonable range is on 

the order of 7 to 12 Å, and rcu is plotted as a function of these xchar values in Figure 6.4.7. 
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Figure 6.4.7:  Calculated rate of copper consumption as a function of characteristic 
dissolution byproduct thickness, x, and temperature. 

 

The scale of Figure 6.4.7 was chosen such that a direct comparison with the 

corresponding rate of oxide growth plot as a function of oxide thickness in Figure 6.3.16 

could be made.  Note that the x-axis in Figure 6.3.16 is the oxide thickness, while the x-

axis in Figure 6.4.7 is the dissolution byproduct thickness.  The dissolution byproduct 

thickness cannot be greater than the oxide thickness; in reality it is most likely much less.  

In addition, the dissolution byproduct thickness cannot be less than the Cu-O bond length 

of 1.85 Å.  So when comparing Figure 6.4.7 and 6.3.16 it is important to emphasize that 

the maximum dissolution rates possible are those at 1.85 Å and the characteristic 
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dissolution byproduct film on the oxide thickness is less than the characteristic oxide 

thickness determined to be in the range of 7 to 12 Å.  The rate of copper consumption in 

Figure 6.4.7 is not a strong function of x, contrary to the case of oxide growth, over the 

thicknesses of interest.  The rates change so little in the thickness range of interest 

determined, that a constant value, as a function of temperature, may be used without 

introducing significant error.  In addition, it can be observed that the copper consumption 

rates in Figure 6.4.7 are significantly lower than the corresponding oxidation rates in 

Figure 6.3.17, such that it is obvious that the dissolution process would control a system 

where oxidation and dissolution were occurring simultaneously.  At this point the quasi-

steady-state assumption should be checked and a characteristic copper oxide thickness of 

100 Å was assumed to represent the process.  Since the concentration of the complexing 

agent in the slurry is unknown, a concentration of 1 M is assumed, which gives an 

approximate diffusivity on the order of 10-14 cm2 s-1.  Taking the rate of oxide 

consumption to be 1 x 10-10 mol cm-2 s-1 (approximate rate at 25oC for a thickness of 100 

Å) the time it takes A to diffuse through 100 Å of reaction byproduct is 0.6 min while the 

time it takes for consumption of the oxide is 13 min.  Therefore the quasi-steady-state 

assumption is valid because the thickness of oxide appears stationary to a molecule of A 

diffusing through the reaction byproduct. 

 The dissolution and oxidation processes have been separately characterized and 

modeled.  However, during CMP these processes occur simultaneously.  Therefore it is of 

interest to compare these processes occurring simultaneously to the model.  To test the 

oxidation and dissolution processes occurring at the same time, a wafer, which first 
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underwent CMP, was exposed to a solution of Fujimi 7102 with hydrogen peroxide.  So 

the complexing agent in the slurry subsequently etches the copper that is oxidized.  

Experiments performed at 28oC demonstrated etching rates on the order of 10-9 mol Cu 

cm-2 s-1.  Recall that comparing oxidation and dissolution rates separately, it is apparent 

that dissolution rates are slower and control the process at oxide thicknesses of interest.  

The etch rate measured in the combined oxidation and dissolution test agrees well with 

the rates calculated from the dissolution model illustrated in Figure 6.4.7.  Further, it can 

be approximated from the figure that etch rates on the order of 10-9 mol Cu cm-2 s-1 

correspond to characteristic byproduct film thicknesses of less than 7 Å, providing further 

support that theses characteristic oxide and dissolution byproduct thicknesses represent 

the CMP process. 

6.4.4.  Conclusions 

 The etching behavior of copper oxide by diluted oxidant-free Fujimi PL7102 

slurry was characterized.  Pre-oxidized wafers were exposed to the diluted slurry for 

times up to 500s for three temperatures and mass loss was monitored.  For the highest 

temperature, 60oC, all of the oxide available for reaction was etched in 90s, however the 

25 and 40oC results did not reach saturation.  Measurements up to saturation were used 

for modeling.  A one-dimensional model was proposed where the diffusion of the 

complexant through a byproduct film found to exist on the wafer surface after etching 

controlled the process.  The model fit the data well with two parameters, Ea and A, which 

were found to be 86.9 kJ mol-1 and 4.12 x 10-2 mol cm-1 s-1, respectively.  Similar to the 
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oxidation study in Section 6.3, the rate of copper consumption from dissolution was 

found to be a function of a characteristic reaction byproduct film thickness.  However, the 

dissolution rates demonstrated a much weaker function of film thickness than the 

oxidation profiles.  For the Fujimi PL7102 slurry, the etching process controls the 

combined oxidation and etching system and static oxidation-dissolution experiments 

agreed well with the dissolution model.  The novel methodology and modeling developed 

in this work can be directly applied to other commercial or experimental slurry 

formulations to quantify the dissolution characteristics of the formulation.  Once the 

static dissolution characteristics of a slurry formulation are quantified, use of the 

proposed three-step removal rate model will provide a more accurate depiction of the 

relative chemical and mechanical contributions of a given consumable set. 
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6.5.  Comparison of Removal Rate Model with CMP Experiments 

6.5.1.  Introduction 

 The bulk of Chapter 6 has consisted of separately characterizing the oxidation and 

dissolution processes that take place in CMP.  Models were derived and validated for 

each process.  These two steps, which occur simultaneously in CMP, were de-coupled in 

Sections 6.2-4 for analysis.  However the combined model of these de-coupled steps 

compared well to static combined oxidation and etching experiments where the processes 

were occurring at the same time.  Even further evidence that the models developed depict 

the process occurring in CMP was found because the characteristic byproduct film 

thicknesses found to facilitate the experimentally determined static oxidation-etching 

rates were found to be in the 2 to 7 Å range.  This was extremely encouraging as it was 

determined in Section 6.3 that the oxidation rates necessary to facilitate copper oxide 

growth rates of 1000 to 7000 Å min-1 (typical copper CMP removal rates) required 

characteristic copper oxide thicknesses also in the range of 7 to 12 Å and the byproduct 

film thickness much be less than the oxide thickness.  These results are encouraging and 

seem to represent the actual CMP process well, however in order to truly validate these 

models it is necessary to incorporate the oxidation and dissolution models developed in 

Sections 6.3 and 6.4, respectively, into the three-step CMP removal rate model developed 

in Section 5.2.   
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6.5.2.  Results and Discussion 

For reference, the proposed three-step removal rate mechanism is depicted in 

Figure 6.5.1, where * indicates a surface species.  Copper on the wafer surface is 

oxidized in step 1, forming oxidized copper on the wafer surface and the oxidized copper 

is removed through both mechanical means, step 2, and dissolution by complexing agents 

in the slurry, step 3. 

k3

CuOX(L) 

Cu + OX              CuOX* CuOX
k1 k2

k3

CuOX(L) 

Cu + OX              CuOX* CuOX
k1 k2

 

Figure 6.5.1.  Proposed three-step removal mechanism 

 

Recall from Section 5.2 that the proposed three-step removal rate model governing 

equation is: 

321

321w

kkk
)kk(kM

RR
++

+
ρ

=                                                   (6.5.1) 

where all ki have units of mol s-1 m-2 and removal rate, RR, has units of velocity.  RR can 

also be reported in units of mol s-1 m-2, by removing the quotient 
ρ

wM
 from Eq. 6.5.1.  

The later case will be used in modeling, as the expressions were developed in Sections 

6.3 and 6.4 for oxidation and dissolution, respectively, using these units.  Note that Eq. 
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6.5.1 is a robust model, in that if the dissolution process is negligible, k3 << k1 and k2, the 

equation reduces to the two-step model commonly used to model CMP processes: 
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kkM
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+ρ

=                                                     (6.5.2) 

The molar rate per unit surface area expressions developed in Sections 6.3 and 6.4, 

simply become equal to k1 and k3 in Eq. 6.5.1. 
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where ρox and Mwox are the density and molecular weight of copper oxide and all other 

units of Eqs. 6.5.3 and 6.5.4 are given in Sections 6.3 and 6.4, respectively.  All variables 

in these equations are either known constants or have been experimentally determined a 

priori, except for x and Χ − xc, in Eqs. 6.5.3 and 6.5.4, respectively, which represent the 

thickness of oxide and dissolution byproduct film, respectively, present at a given time.  

It was determined from Sections 6.3 and 6.4 that this characteristic oxide thickness is in 

the range of 7 to 12 Å during the CMP process.   

 Steps 1 and 3 have been characterized, so the mechanical step must now be 

developed.  A general form of k2 that has been used in previous modeling efforts will be 

used in this analysis (Sorooshian b, 2005): 

PUck kp2 µ=                                                        (6.5.5) 
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where P is the applied wafer pressure in Pa, U is the relative pad-wafer velocity in m s-1, 

µk is the COF measured real-time, and cp is a proportionality constant.  The 

proportionality constant, cp, has units of mol J-1.  For simplicity in this first attempt 

analysis, cp will remain constant for each system, meaning it is not a function of P or U 

and the temperature used in Eqs. 6.5.3-4 is the leading-edge pad temperature measured 

real-time.  Current modeling efforts are more complicated which calculate a flash heating 

increment temperature, which is added to the measured pad leading-edge temperature and 

then used in Eqs. 6.5.3-4.  This analysis neglects this flash heating increment temperature 

to specifically evaluate the new proposed forms of k1 and k3. 

 Before the model can be used, the characteristic thickness in Eqs. 6.5.3-4 must be 

addresses.  Sections 6.3-4 clearly indicated that the rates of oxidation and dissolution, 

represented as k1 and k3 in this section, were both a function of characteristic thicknesses.  

The oxidation rates were a much stronger function of oxide thickness than the dissolution 

rates in the thicknesses of interest, such that the dissolution rates may be considered a 

constant function of thickness.  It was also determined, using two different analyses (see 

Sections 6.3-4) that the oxide thicknesses of interest during CMP are in the approximate 

range of 7 to 12 Å.  These oxide thicknesses correlate to growth times on the order of 6 to 

60 ms.  It can be presumed that during CMP these growth times could be a function of U 

and possibly P.  However, it would be desirable if just one characteristic oxide thickness 

could be used to model all PxU combinations.  As a first estimate, a characteristic oxide 

thickness of 7 Å is used because it is known that at that thickness, oxide growth rates are 

high enough to sustain the CMP measured removal rates.  
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 Using the current model represented by Eqs. 6.5.1 and 6.5.3-5 with an assumed 

characteristic oxide thickness results in an overall removal rate model with only one 

fitting parameter per consumable set, which is remarkable considering even the empirical 

Preston model requires two fitting parameters in copper CMP and these parameters have 

no physical significance.  The parameters in the expression for k1 are applicable to a 

consumable set as long as the oxidant used is H2O2 and its concentration is 1 wt%.  

However, results indicate that the same parameters used for the 1 wt% study may very 

well be applicable to oxidant concentrations in the range of 0.25 to 4 wt% (see Section 

6.2).  The parameters in the expression for k3 were determined specifically for Fujimi 

PL7102 slurry.  To accurately determine if these parameters are applicable to other 

slurries, a few experiments like those performed in Section 6.4 should be performed for 

low and high temperatures and compared to the trends in Figure 6.4.1.  If the values are 

similar to those in the figure, the same parameters obtained should be applicable.  

Determining the value of cp for a consumable set, is computationally simple and based on 

the minimization of RMS error between the predicted removal rate values from the model 

and the measured removal rates at each PxU. 

 To test the accuracy of the model, five different conditions were used.  The pads 

used were:  Rohm & Haas IC1000 k-groove, IC1000 Flat, the experimental log (-) spiral 

(-) pad, as well as the experimental log (-) spiral (+) pad.  It is desirable to test both 

industrial standard pads, such as the k-groove, along with radically different experimental 

pads to determine the robustness of the three-step model and the proposed forms of k1 

and k3.  In addition to different pads, removal rate data obtained on different wafer sizes 
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and polishing tools were also modeled.  Both 100 and 200 mm copper wafers were 

polished on the 1:2 scaled IPL 100 mm and the 200 mm IPL tools, respectively, using the 

IC1000 k-groove pad.  The model comparisons to the five data sets tested are shown in 

Figures 6.5.2-6.   
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Figure 6.5.2:  Comparison of model to removal rate data from the IC 1000 k-groove pad 
for 200 mm wafers (Data Source:  D. Rosales-Yeomans).  
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Figure 6.5.3:  Comparison of model to removal rate data from the IC 1000 k-groove pad 
for 100 mm wafers (Data Source:  Y. Sampurno).  
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Figure 6.5.4:  Comparison of model to removal rate data from the experimental log (-) 
spiral (-) pad (Data Source:  D. Rosales-Yeomans). 
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Figure 6.5.5:  Comparison of model to removal rate data from the experimental log (-) 
spiral (+) pad (Data Source:  D. Rosales-Yeomans). 
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Figure 6.5.6:  Comparison of model to removal rate data from the IC1000 flat pad (Data 
Source:  D. Rosales-Yeomans).  
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The scales in Figures 6.5.2-6 were intentionally kept constant to highlight the different 

removal rate characteristics among the five conditions tested and removal rates are 

reported in both molar removal rates and the typical units of velocity.  Table 6.5.1 

provides the value of cp used for each data set along with the RMS error calculated for 

the current model along with the respective RMS error calculated using two additional 

models: the traditional two-step removal rate model including the flash heating increment 

and a Preston model.  

Table 6.5.1:  Comparison of various copper removal rate models. 

2 - Step Flash 
Heating Prestonian Fit Repeatibility

No. Fitting Parameters 4 2
cp x 107 (mol J-1) RMS (A min-1) RMS (A min-1) RMS (A min-1) RMS (A min-1)

IC1000 k - groove 200mm 3.69 397 314 332 340
IC1000 k - groove 100mm 4.19 471 283
Log (-) Spiral (-) 2.84 591 416 768 1103
Log (-) Spiral (+) 3.24 545 340 290 172
IC1000 flat 4.80 470 440 108

3 - Step Model (Eqs. 6.5.1, 3-5)

1

 

 

The newly proposed model reports slightly higher RMS error than applying either a 

Prestonian fit or the 2-step flash heating model.  However, there are many aspects in 

using a Prestonian model that are not desirable.  For instance, after a pad and slurry 

combination is characterized using a Preston model, removal rates can be predicted using 

the extracted slope and y-intercept on the basis of PxU.  However, no real-time 

measurements can be used to predict the removal rate of a wafer being polished; CMP 

must be completed and the wafer measured before its removal rate can be compared to 

the Preston model.  Only after polishing and subsequent thickness measurements is it 

known if a wafer is inline with the known removal rate trend or if a problem occurred 
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during polishing that influenced removal rate.  Many times these problems that 

dramatically change removal rates are causing even more undesirable problems such as 

an increased number of defects or increased non-uniformity.  Further increasing the 

problem is the number of wafers that pass through a CMP tool before the first wafer with 

the problem is measured.  Therefore models that relate removal rates to process 

conditions, which can be monitored during a polish are ideal because a drastic change in 

removal rate can be predicted before the polish is complete and the tool can be shut down 

and the problem solved before more wafers are affected.   The highest PxU condition in 

Figure 6.5.4 is direct evidence that these large deviations exist and the fact that the model 

was able to predict the drastically low point based only on real-time COF and 

temperature measurements is evidence that the current model is adequate in predicting 

removal rates.  These are the reasons why although a consumable set may yield a 

Prestonian trend, it is much more desirable to use models such as the two-step flash 

heating model or the current three- step model which include real-time temperature and 

COF measurements to characterize the process.   

 Therefore, even though using a Preston model yields lower RMS error than the 

new model in some cases, the fact that the RMS errors are relatively low when compared 

to the data repeatability for both industrial standard pads and experimental designs is 

extremely encouraging.  Perhaps the most notable difference among the models is the 

number of fitting parameters.  The RMS errors using the two-step flash heating model are 

only 123 Å min-1 lower, on average, than the new model and this difference is arguably 

negligible considering the repeatability of the data.  So even though the two-step flash 
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heating model predicts the removal rate trends with slightly lower RMS error than the 

current model, the number of fitting parameters has been reduced from 4 to 1, which is a 

notable accomplishment.   

It should be clarified that the 4 fitting parameters in the two-step flash heating 

model include an Arrhenius pre-exponential constant, A, and three additional parameters 

relating to the flash heating increment.  There are actually five parameters in this model, 

but a constant value of the activation energy in the Arrhenius expression used for step 1 

has been determined to be constant for copper CMP processes.  An inherent problem with 

this model is that the value of A is found to change for different pads and wafer 

diameters.  This Arrhenius pre-exponential factor for copper oxidation should only be a 

function of the oxidation process and remain constant for a given slurry.  Alternatively, 

the proposed form of k1 in this work, and the two parameters associated with it, does not 

change for different pads, only the parameter associated with mechanical removal, cp, 

varies with pad type.     

Another advantage of the new model is that is does not breakdown for the 

condition at PxU = 0.  This was already shown in section 6.4, by comparing the static 

combined oxidation-dissolution experiments with the model.  However, the two-step 

flash heating model is not applicable at the PxU = 0 condition.  The two-step model is 

based on copper surface oxidation and its subsequent removal by mechanical action, 

which means at PxU = 0, removal rate is zero and the static experiments proved that 

measurable removal did take place in the absence of mechanical action.  Given that the 

new model is more robust than the old model, because it applies at the PxU = 0 
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condition, it is important to show how values of k3 compare to values of k1 and k2.  As 

Figure 6.5.7 illustrates, no significant error is introduced in using the two-step model, 

including the new definition of k1, at the PxU conditions and pad types tested for Fujimi 

7102 because k3 is more than two orders of magnitude lower than k1 and k2. 
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Figure 6.5.7:  Relative values of k1, k2, and k3 for the IC1000 k-groove pad (200 mm 
wafers).  Values are plotted on log-scale to show the order of magnitude differences. 

 

The data shown here are for the k-groove pad used with 200 mm wafers, but similar order 

of magnitude changes among ki are apparent for all of the pads tested.  Noteworthy 

features of Figure 6.5.7 are that k1 and k3 do not vary significantly with PxU, which is 

intuitive in the model development, while k2 does increase with increasing PxU.  Even 

though including step 3 in the model does not affect the predicted removal rate results at 
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the conditions tested, this does not mean that step 3 should be removed from the model.  

Different commercial and experimental slurries can demonstrate radically different 

dissolution characteristics such that step 3 may become important.  A very important 

application for the current model is for ECMP applications at ultra-low or zero pressures.  

At these low mechanical action conditions, the dissolution characteristics of a slurry will 

no doubt be a crucial component of the removal process. 

 An advantage of a model which has only one fitting parameter is that it allows the 

physical reasons behind different removal rate trends to be more easily identified.  For 

example, the trends exhibited by Figures 6.5.2-3 are for the same IC1000 k-groove pad 

design.  However quite different removal rate trends were measured on different tools for 

different wafer diameters.  A linear regression of these two trends reveals that both the 

slopes and y-intercepts change (See Figure 6.5.8).   
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Figure 6.5.8:  Comparison of 100 mm and 200 mm removal rate trends.  

 

There are cases in the literature that refer to the removal rate at PxU = 0 extrapolated 

from a Prestonian trend as a static etch rate.  However, for this slurry system, a static etch 

rate on the order of 150 Å min-1 was measured and the y-intercepts of both trends in 

Figure 6.5.8 are clearly much higher.  Therefore, not only does the Preston model break 

down at the PxU = 0 condition, but four parameters are needed to model this system 

using a Preston model, while only two parameters are necessary using the new proposed 

model and the new model is applicable at the PxU = 0 condition.  In addition to this 

point, the new model demonstrates additional advantages for the trends in Figure 6.5.8 

when compared to the two-step flash heating model.  The flash heating-model yields a 
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slightly lower RMS error than the new model, however the sacrifice for this slightly 

better fit is that there are four different parameters for each case, using the same pad.  It 

becomes very difficult to determine how many of these parameters are affected, if not all 

of them, by the different tools and wafer diameters used.  Alternatively, for the new 

model, it is known that k3 is negligible for both the 100 and the 200 mm tools and the 

effect of tool/wafer geometry should only affect one parameter, cp.  To determine if the 

cp is affected by the changes in tool/wafer geometry or if the changes in the trends are 

due to changes in process conditions, i.e. temperature and COF because PxU conditions 

were the same, it is useful to plot COF and Tp, the leading edge pad temperature, as a 

function of PxU.  
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Figure 6.5.9:  COF and temperature as a function of PxU for the 100 and 200 mm k-
groove tests. 

 

It can be observed from Figure 6.5.9 that both COF and Tp are higher for the 100 mm 

tests and these values increase with increasing PxU, which could explain the trends in 

Figure 6.5.8.  To determine if the changes in COF and Tp are primarily causing the 

increase in the 100 mm case or if the cause is the change in cp; the optimum value of cp 

extracted for the 200 mm trend was used in the 100 mm model in Figure 6.5.10.   
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Figure 6.5.10:  Comparison of models to the 100 and 200 mm trends for the IC1000 k-
groove pad using the same cp. 

 
The results show only a slight change in the 100 mm model compared to Figure 6.5.8, 

RMS increased from 397 to 668 Å min-1.  However it is obvious that this change in cp 

(from 4.19 to 3.69 x 10-7 mol J-1) does not cause the 100 mm trend to appear similar to 

the 200 mm trend.  This apparent insensitivity to rather large changes in cp (the entire 

range of cp values is 3.24 to 4.80 x 10-7 mol J-1) suggests that using an average value for 

cp may even be possible.  It can therefore be concluded that the differences in the 100 and 

200 mm removal rate data are primarily functions of increased COF and increased Tp for 

the 100 mm experiments.  With one fitting parameter it is quite simple to arrive at this 

conclusion, whereas for four fitting parameters it could prove to be more difficult.  
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Physical reasons accounting for the increased COF and Tp could be related to any 

number possibilities:  scaling issues on tool geometry or slurry flow rate, effects of the 

different wafer carriers, effects of different conditioners, etc.  However, it does not 

appear that an inherent property of the pad or abrasives, which would be reflected in 

different cp values, is responsible for the differences.  This is somewhat intuitive, but 

remains a powerful conclusion because it suggests that effects of different tool and wafer 

geometries may be adequately accounted for in COF and Tp measurements alone, and 

the modeling parameter need not be affected.  This result is not conclusive because the 

effect of geometry was only examined using one pad type, but if similar results are 

observed for different pad types, this would mean that further work determining which 

system parameters actually affect cp need not include effects of tool and wafer 

geometries.     

6.5.3.  Conclusions 

The newly developed forms of k1 and k3 used in the three-step removal rate 

model predicted the five data sets tested extremely well with RMS error values only 

slightly higher than the two-step flash heating model.  The reduction in the number of 

fitting parameters from the 4 parameters used in the two-step flash heating model to the 

one parameter used in the current model is extremely useful in determining how the 

removal rate trends are affected by different conditions.  The new model seems extremely 

robust in that it can easily predict large drops in removal rates based only on real-time 

COF and temperature measurements.  In addition, the model has a rather low sensitivity 
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to changes in its one fitting parameter, cp.  Step 3 in the new model was not found to play 

a significant role in modeling the five systems examined using Fujimi PL7102, however 

it is important that this step remain in the model as it is applicable as PxU approaches 

and reaches zero, where most other CMP removal rate models fail.  This later fact 

becoming increasingly more important with ultra low-pressure CMP and ECMP systems.  

One of the most astonishing characteristics of this improved model, specifically the novel 

definition of k1, is that cp appears to be relatively insensitive to pad grooving, wafer 

geometry, and tool geometry.  Meaning it may be possible that the removal rate of a 

given wafer on other grooved polyurethane pads using Fujimi 7102 could be generally 

predicted using the current model and real-time COF and Tp measurements without any 

previous knowledge of the general removal rate trends. 
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CHAPTER 7 – CONCLUSIONS AND FUTURE WORK 

 A number of studies were conducted that were designed to address some of the 

modern CMP challenges that the semiconductor industry will continue to face as IC 

technology advances.  Major challenges that this work focused on ranged from 

decreasing overall COO and environmental impacts, to decreasing wafer defects, to 

providing understanding of fundamental surface interactions that govern the CMP 

process.  Each major study is separately highlighted below along with the major 

conclusions reached.   

 

• Abrasive-Free Copper CMP Slurry Evaluation (Section 3.1) 

 

Real-time COF analysis quantified the effects of both the type of oxidant used 

(hydrogen peroxide or water) and the small concentrations of silica abrasives on the 

tribological mechanism of copper CMP for abrasive-free slurries.  The addition of 

hydrogen peroxide resulted in lower values of COF and shifted the tribological 

mechanism toward partial lubrication.  Small concentrations of silica abrasives 

present in the slurry were shown to increase the extent of partial lubrication and 

increased RR by approximately 40% due to an approximate 20% increase in COF.  

Therefore, copper RR is at least partially driven by COF, which is similar to ILD 

CMP (Olsen, 2002). 
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High-frequency spectral analysis of real-time friction data has verified the 

presence of various tribological mechanisms that are consistent with Stribeck data.  

The fact that the copper removal in Slurry I (the control formulation) was negligible 

compared to the hydrogen peroxide-based slurries coupled with the lack of high-

frequency spectra associated with Slurry I and ILD CMP suggested that the copper 

complex formation and abrasion was the cause of the high-frequency spectra.  

Assuming this hypothesis is true, the data suggested that the periodicity of the copper 

complex formation and abrasion is approximately 10 ms. 

 

 

• High-Pressure Micro Jet Technology:  An Alternative to Conventional 

Diamond Disc Pad Conditioning (Section 3.2) 

 

HPMJ technology has the potential to effectively be used as a pad conditioning 

method.    Using HPMJ technology with UPW alone resulted in lower COF values 

than ex-situ or in-situ diamond conditioning; however the removal rates were 

significantly lower.  SEM imaging confirms that the pad surface after HPMJ 

conditioning was relatively clear of debris and slurry after greater than 4 hours of 

polishing as compared to the pad surface after using no conditioning.  In addition, the 

pad surface of the HPMJ conditioned pad was similar to that of an ex-situ conditioned 

pad as verified by SEM imaging.  Pad surface profiling revealed that the surface 

roughness associated with HPMJ conditioning remained approximately constant over 
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4 hours of polishing and is higher than the surface roughness values associated with 

any of the conditioning types tested.  The low removal rates observed with HPMJ 

conditioning were therefore not due to insufficient removal of debris from the pad 

asperities.  These low removal rates were attributed to the radical change in pad 

surface chemistry after HPMJ UPW conditioning.  For the next phase of experiments, 

two methods were evaluated to re-establish the pad surface chemistry.  The results 

indicated that HPMJ conditioning using a pilot wafer demonstrated similar removal 

rates to ex-situ diamond conditioning.  Using pilot wafers in CMP would obviously 

decrease fab throughput, so alternatives will be considered.  The Preston’s constants 

for the pilot wafer experiments were higher than ex-situ diamond conditioning for 

relative wafer-platen velocities of 0.31 and 0.62 m/s and 18% lower for 0.93 m/s.  

The results associated with pumping slurry over the pad following HPMJ 

conditioning were consistently lower than using a pilot wafer or ex-situ diamond 

conditioning.  Comparable removal rates to diamond conditioning and COF values 

that were 15% lower than diamond conditioning suggested that HPMJ conditioning 

technology has the potential to be used as an effective conditioning technology that 

increases pad life and decreases COO. 
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• Impact of Gaseous and Aqueous Additives on Copper CMP Using the CAP 

System (Chapter 4) 

 

A controlled atmosphere polishing system (CAP) was designed and manufactured 

for polishing 100 mm copper wafers or discs.  Using 500-kPa oxygen or nitrogen had 

only slight effects on copper removal rates in the presence of 1 wt% hydrogen 

peroxide.  Without hydrogen peroxide, polishes performed using oxygen 

demonstrated removal rates that were 4X higher than using nitrogen.  Polishing using 

nitrogen alone with no hydrogen peroxide demonstrated an oxidant-starved system 

that reflected minor PxU dependence.  Removal rates were similar for nitrogen and 

argon as well as for conventional (open chamber) CMP in the absence of hydrogen 

peroxide verifying that polishing under gaseous pressure alone (no oxidant) had 

minimal effects on copper removal.  Addition of NH4OH (pH 10) to polishes using 

oxidizing gases, such as oxygen and air, dramatically increased removal rates up to 

3X.  A copper removal mechanism in the presence of dissolved oxygen has been 

developed that highlighted a build-up of oxidized copper at the wafer surface. 

Addition of a complexing agent increased the solubility of oxidized copper allowing 

it to transfer away from the surface.  The fact that copper removal rates increase 3X 

with an increase in oxygen partial pressure verified the ability of the CAP system to 

dramatically alter slurry chemistry during a single polish. 
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• Modeling CMP Removal Rate Using Dissolved Oxygen in the CAP (Section 5.1) 

 

The CAP system was successfully used to identify significant differences in 

removal characteristics with changing applied wafer pressures, pad-wafer velocities, 

oxygen partial pressures, and pad types in the copper CMP process.  A major 

advantage to using CAP system to perform CMP in a pressurized environment is that 

changing the gas phase composition, and subsequently the slurry chemistry, has 

proven to be a feasible POU oxidant delivery system.  A two-step mechanism was 

proposed and the model agreed well with removal rate data resulting in RMS error 

values in the range of 77-125 Å/min.  Two semi-empirical parameters adequately 

characterized the removal rate trends of each pad using multiple dissolved oxygen 

concentrations, applied wafer pressures, and pad-wafer velocities.  The differences in 

these parameters between the two pads studied were attributed to differences in pad 

compressibility or differences in thermal conductivity of the underlayers.  Results 

indicated that less reactive slurries, for example clearing step formulations, may 

demonstrate decreased fluctuations in removal rate with minor changes in oxidant 

concentration with the IC1000/Suba IV compared to the IC1400 k-groove pad. 
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• Expanding the Current Two-Step Removal Rate Model:  Addition of 

Complexing Agents (Section 5.2) 

 

The traditional two-step model used to represent copper CMP removal rates was 

expanded to include dissolution of the oxidized copper layer formed on the wafer 

surface during CMP.  The necessity of adding the dissolution step to the current 

model was realized after performing static copper wafer dipping experiments in a 

Fujimi PL7102-1 wt% hydrogen peroxide solution.  The dipping experiments 

demonstrated a copper static etch rate of approximately 170 Å min-1.  The two-step 

model assumed that copper removal only occurs through mechanical removal of 

oxidized copper on the wafer surface and the dipping experiments proved that 

measurable removal occurred in the absence of mechanical action; therefore the 

three-step model including dissolution was developed. 

 

 

• Effects of Slurry Chemistry on Abrasive Interactions (Section 6.1) 

 

LPC data suggested that slurries doped with alumina and aluminum hydroxide (at 

50 ppm Al) did not aggregate.  However, LPC data did suggest that aluminum 

chloride hexahydrate doped slurries (at 50 ppm Al) aggregate.  When lower 

concentrations of aluminum chloride hexahydrate were tested using the Accusizer, no 

significant differences among 50, 1, 0.5 and 0.2 ppm Al were observed.  In addition, 
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these LPC data differed from the original LPC data indicating tool variability and 

inconsistency.  A second instrument, the Malvern Mastersizer 2000, using SLS, was 

evaluated to determine if aggregation was taking place and to what extent.  The 

Mastersizer demonstrated highly repeatable results between 0 ppm Al samples and 50 

ppm Al samples suggesting that smaller particles were aggregating to form large 

diameter flocs (4 – 60µm).   

 

 

• Investigation of Copper-Hydrogen Peroxide Film Growth Kinetics (Section 6.2) 

 

Copper oxide/hydroxide films were shown to form on copper surfaces at a pH of 

5 for various H2O2 concentrations.  Film growth profiles were confirmed using 

ellipsometry and microbalance mass gain measurements.  Grain boundaries were 

observed in SEM imagery of copper surfaces immediately following CMP, 

suggesting that the surface was mostly copper with little, if any, oxide.  XPS spectra 

verified that some Cu2O was most likely present but no cupric species were 

identified.  After 5 minutes of H2O2 exposure, the copper surface was covered with a 

non-uniform film composed of CuO, Cu2O, and Cu(OH)2.  The surface morphology 

significantly changed after 10 minutes of H2O2 exposure, revealing distinct 50-100 

nm rod-like crystals that were determined by XPS to be composed of cupric oxides 

and hydroxides only.  The crystals continued to increase in size and void fraction over 

a 22 hour period, after which 200-300 nm rod and flake-like crystals were present 
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with little changes in surface composition.  In 1 weight percent H2O2 solutions, the 

copper film growth began to saturate at 500 Angstroms after 800 min.  Lower H2O2 

concentration film growth profiles were consistently lower than 1 weight percent 

profiles.  At 4 weight percent H2O2, the film growth profile was consistently higher, 

but followed a similar trend as 1 weight percent data for the first 60 minutes of H2O2 

exposure. 

 

 

• Characterizing Step 1 in the General Removal Rate Model:  Copper Oxide 

Growth (Section 6.3) 

 

A copper oxidation model was proposed based on cation migration to adequately 

represent measured copper oxide growth profiles as a function of temperature.  

Though copper oxidation profiles appear similar to silicon oxidation profiles, the 

classic Deal-Grove model could not be applied because of the apparent changes in 

surface morphology as a function of growth time for copper oxide.  The two 

parameters extracted to fit the oxidation profiles in the proposed model are related to 

activation energy of cation migration and the potential developed across the oxide 

film.  The potential was found to be 0.95 V and did not vary with temperature.  

Previous copper oxidation studies using oxygen calculated a potential that was lower, 

0.5 V.  The fact that the potential was found to be higher in the hydrogen peroxide 

system agreed quantitatively and qualitatively with theoretical arguments.  The 



  
 
 

382

activation energy was 0.84 ± 0.01 eV and increased slightly with temperature.  This 

slight increase, on the order of 2 to 3 kcal, has been previously reported and attributed 

to an increase in activation energy of cation solution in the oxide.  The fact the 

activation energies calculated in this work are lower than those reported for oxygen 

oxidation is intuitive; a stronger oxidant should lower the activation energy barrier 

which must be overcome for a reaction to proceed.  The oxidized copper formation 

rates calculated suggested that the typical oxide thicknesses involved during the 

cyclic oxide growth and removal mechanism in copper CMP are between 7 and 12 Å.  

Though the oxidation model parameters are extracted from copper oxidation 

experiments on the minute time scale, there are a number experimental, physical, and 

theoretical arguments that suggest the model adequately represents the physical 

system and is applicable to the sub-second timescales involved during the oxidation 

processes in copper CMP. 

 

 

• Characterizing Step 3 in the General Removal Rate Model:  Dissolution of 

Copper Oxide (Section 6.4) 

 

The etching behavior of copper oxide by diluted oxidant-free Fujimi PL7102 

slurry was characterized.  Pre-oxidized wafers were exposed to the diluted slurry for 

times up to 500s for three temperatures and mass loss was monitored.  A one-

dimensional model was proposed where the diffusion of the complexant through a 
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byproduct film found to exist on the wafer surface after etching controlled the 

process.  The model adequately fit the data with two parameters, Ea and A, which 

were 86.9 kJ mol-1 and 4.12 x 10-2 mol cm-1 s-1, respectively.  Similar to the oxidation 

study in Section 6.3, the rate of copper consumption from dissolution was found to be 

a function of a characteristic byproduct layer thickness.  However, the dissolution 

rates demonstrated a much weaker function of thickness than the oxidation profiles.  

For the Fujimi PL7102 slurry, the etching process controlled the combined oxidation 

and etching system and static oxidation-dissolution experiments agreed well with the 

dissolution model.  The novel methodology and modeling developed in this work can 

be directly applied to other commercial or experimental slurry formulations to 

quantify the dissolution characteristics of the formulation.  Once the static dissolution 

characteristics of a slurry formulation are quantified, use of the proposed three-step 

removal rate model will provide a more accurate depiction of the relative chemical 

and mechanical contributions of a given consumable set. 

 

 

• Comparison of Removal Rate Model with CMP Experiments (Section 6.5) 

 

The newly developed forms of k1 and k3 used in the three-step removal rate 

model predicted the five data sets tested extremely well with RMS error values only 

slightly higher than the two-step flash heating model.  The reduction in the number of 

fitting parameters from the 4 parameters used in the two-step flash heating model to 
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the one parameter used in the current model is extremely useful in determining how 

the removal rate trends are affected by different conditions.  The new model seems 

extremely robust in that it can easily predict large drops in removal rates based only 

on real-time COF and temperature measurements.  In addition, the model has a rather 

low sensitivity to changes in its one fitting parameter, cp, for four of the five 

conditions tested (the only pad which demonstrated a significant change in cp was the 

low removal rate IC1000 flat pad).  Step 3 in the new model was not found to play a 

significant role in modeling the five systems examined using Fujimi PL7102, 

however it is important that this step remain in the model as it is applicable as PxU 

approaches and reaches zero, where most other CMP removal rate models fail.  This 

later fact becoming increasingly more important with ultra low-pressure CMP and 

ECMP systems.  One of the most astonishing characteristics of this improved model, 

specifically the novel definition of k1, is that cp appears to be relatively insensitive to 

pad grooving, wafer geometry, and tool geometry.  Meaning it may be possible that 

the removal rate of a given wafer on other grooved polyurethane pads using Fujimi 

7102 could be generally predicted using the current model and real-time COF and 

temperature measurements without any previous knowledge of the general removal 

rate trends.  
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7.1.  Future Work 

 While each of the studies in this work presented different conclusions, the 

knowledge gained from each provided fundamental insight into the overall copper CMP 

process.  A number of suggested areas for future work are outlined below. 

  

• The CAP System 

The work in this dissertation was the first proof of concept analysis for the CAP 

system using copper substrates.  Sensitivity of removal rate results to oxygen partial 

pressure was identified and subsequently modeled.  A preliminary investigation of 

complexing agents was completed using aqueous complexants.  A long-term goal for the 

CAP system is to introduce all additives in the gaseous form to allow for the ability to 

rapidly change the slurry chemistry during a polish.  Using ammonia gas as a complexing 

agent instead of aqueous ammonium hydroxide would be natural extension of the work 

completed thus far.  Other gaseous systems should also be considered.  One of which is 

using gaseous carbon dioxide and aqueous mono-ethanolamine (MEA).  This system is 

used in other industries for combined oxidation and complexing of copper and the fact 

that carbon dioxide gas is used makes the combination ideal for use in the CAP system. 

  

• The Current 3-step Copper Model  

The knowledge gained from the studies in this dissertation, used along with historical 

work, provided the foundation to design experimental studies, separate from CMP, to 

characterize the oxidation and dissolution processes that occur during CMP.  The results 
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obtained and fundamental modeling efforts applied resulted in the accurate determination 

of separate rate expressions defining steps 1 and 3 in the three-step removal rate model.  

When the three-step model including these new expressions were applied to actual CMP 

removal rate data, the results were extremely encouraging.  On one hand, it can be argued 

that the RMS errors of this model with the new expressions of k1 and k3 are higher than 

those associated with the current two-step flash heating model.  Though this is true, 

focusing on this aspect is counter-productive.  This three-step model, including the new 

expressions, has only one fitting parameter; while the two-step flash heating model has a 

total of five (including the value of Ea estimated from CMP results).  A reduction of 4 

fitting parameters, while still producing acceptable modeling error suggests that the new 

model is actually representing the surface processes responsible for removal in CMP.  

This later statement means that the new expressions representing steps 1 and 3 provide a 

sound model basis. 

 The reasonable RMS errors calculated using the new model, while encouraging, 

leave room for improvement.  However, efforts to improve this model can be more 

focused because it is now known that removal rates are extremely sensitive to real-time 

temperature and COF measurements and not so sensitive to the fitting parameter cp.  In 

addition, Figure 6.5.9 illustrates that higher COF measurements do not necessarily 

indicate higher removal rate, which is implied in the definition of k2.  It is therefore 

imperative to focus efforts on understanding how COF and temperature measurements 

change with process conditions and removal rate.  Some of the major conclusions of this 

work could be important to such efforts. 
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 An important characteristic of the oxidation and dissolution rates is that both are 

dependent on a characteristic thickness, the former is dependent on the oxide thickness 

and the later is dependent on the dissolution byproduct layer thickness.  It is also required 

that the dissolution byproduct layer thickness is thinner than the oxide, but it must be 

greater than a Cu-O bond length, approximately 1.85 Å.  It was also determined that the 

oxide thicknesses present on the wafer surface are in the range of 7 to 12 Å.  For the 

preliminary modeling in this work, a characteristic oxide thickness of 7 Å was used, 

however, this is an aspect of the model that deserves additional consideration.  It was 

shown that the rate of oxide growth is dependent on an oxide thickness, but it is also 

known that the thickness of oxide grown is a function of time, Figures 6.3.11-14.  

Recalling Figure 1.3.11, the time that a specific copper site on the wafer surface has to 

grow oxide would be equal to the distance between asperity encounters divided by the 

average sliding velocity of the pad and wafer.  The distance between asperity encounters 

is related to the asperity density, therefore the average time a surface site has for 

oxidation may be estimated as a function of velocity.  This is definitely an area to be 

explored, which could lend additional support to the proposed model by including a 

velocity term in the characteristic oxide thickness calculation.   

 Another area of interest is related to the dissolution byproduct film found to exist 

on the copper oxide surface.  The rate of copper oxide dissolution is extremely fast when 

no byproduct film exists on the copper oxide (Eq. 6.4.18), so it is reasonable to assume 

that any passivation film on the copper surface is partially composed of this dissolution 

byproduct.  This is true until mechanical action removes the byproduct and possibly the 
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underlying oxide.  Nonetheless, the byproduct film, which was found to be extremely 

soft, may play an important role in the elastohydrodynamic nanolubrication layer found 

to be useful in modeling CMP data (Borucki, 2005).  Specifically, the existence of this 

soft byproduct layer may be useful in determining how viscosity of the nanolubrication 

layer is related to COF and changes in process conditions, including pressure, velocity, 

particle size, grooving, etc.  Therefore, as was previously mentioned in Section 6.4, it 

may be important to physically characterize the dissolution byproduct film using SEM, 

AFM, profilometry, or other methods.  Using a radiolabeled oxidizer during the copper 

oxide growth stage of the dissolution experiments may also be useful in determining the 

nature of the byproduct film formed, specifically if the oxygen associated with hydrogen 

peroxide remains in the byproduct film or if it is etched away by the complexing agents 

in the slurry.  The ability to quantify the thickness of the byproduct film on the oxide film 

may not be necessary because the slurry dipping experiments with hydrogen peroxide 

correlated well with the maximum dissolution rate calculated at 1.85 Å, and the 

dissolution rate is not a strong function of the byproduct film thickness (see Figure 6.4.7). 

 The flash heating increment, which is an integral component of the current 2-step 

model, was not included in this work.  Incorporating this term into the new model may 

assist in decreasing modeling error.  However, the effect of the flash heating increment 

will be critical because the removal rates predicted by the new model have been shown to 

be a strong function of temperature. 

 Although the new model results have shown that dissolution rates, hence k3 

values, are negligible compared to mechanical removal rates over the PxU conditions 
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tested for Fujimi PL7102, there are remaining rate constant comparisons calculated using 

the new model that may be of interest.  Specifically, if general trends for COF and 

temperature as a function of PxU can be approximated, then it is possible to estimate the 

conditions under which the different rate constants become important.  For example, as 

PxU is increased, it can be imagined there will be a condition at which the process is 

entirely chemically controlled (k2>>k1) meaning that further increases in PxU will only 

affect temperature, and therefore k1, and removal rates will be controlled by these 

increases.  This can be illustrated by extrapolating the k1 and k2 trends in Figure 6.5.7.  

Conversely, the same analysis can be performed to determine at which PxU conditions k3 

becomes important.          

 

• Incorporation of Additional Steps to the Current Model 

While the studies in the current work focused on the effects of two slurry 

components, oxidizers and complexing agents, the novel methodology outlined here can 

easily be used to examine the effects of other known slurry additives, such as surfactants 

and inhibitors, on the oxidation and dissolution processes.  Separate experiments 

determining the effects of these additives on these two processes can assist in concluding 

which additives affect chemical processes and which additives affect mechanical 

processes.  In addition to incorporating other additives into the current model, the mass 

transport of species under the wafer surface is another area to be explored.  In this work, 

simplifying assumptions were made regarding the concentrations of oxidants and 

complexing agents.  One of these assumptions was that the concentrations of both 
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additives were high enough during CMP such that the concentrations were not depleted.  

Previous work has shown that oxidizer concentrations similar to the 1 wt% hydrogen 

peroxide system examined here exhibited little oxidant depletion such that most sites on 

the wafer surface were exposed to the bulk aqueous oxidant concentration (Thakurta et 

al., 2002).  This result was obtained through a numerical calculation of the oxidizer 

concentration under the wafer surface as a f(r,θ,z), where z is the vertical position 

between the pad and wafer surface, using a calculated velocity distribution in the pad 

wafer interface.  While for the 1 wt% hydrogen peroxide system oxidant depletion may 

not play a significant role, it is of interest to determine at which concentrations and 

mechanical conditions oxidant depletion would play a role.  It would therefore be 

important to modify the current model to include the mass transport of oxidizer to the 

wafer surface in the first step of the model. 

 

• Model Applicability to Alternative Substrates 

A natural question and path for future work is which additional metallic substrates 

may be adequately characterized using the models developed in this work.  The answer to 

this question is difficult, especially without experimental work.  To adequately determine 

if the models developed here can be applied to other substrates, experimentation 

monitoring oxide growth profiles, composition, and oxide morphology is necessary.  

However, referring to the cation migration oxidation model implemented in this work, 

there are some characteristics of metal oxides that may suggest if the model used here for 

copper oxidation is applicable to other substrates.  In Section 6.2, the nature of the oxide 
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formed was a key component in determining the applicable oxidation mechanism.  One 

characteristic of interest of the oxide formed is the oxide bond strength (many of which 

are published in Fehlner et al., 1970), which ultimately determines the ionic, or covalent, 

character of the oxide.  SiO2 has a relatively high single bond strength of 106 kcal mol-1, 

so it is classified as a covalent network.  Whereas, Cu2O exhibits a lower bond strength of 

44 kcal mol-1, making it an ionic network where cations are loosely held and can migrate 

through the oxide lattice.  The oxide bond strengths of other metals commonly used in the 

semiconductor industry such as tungsten, tantalum, titanium, and aluminum are 104, 104, 

73, and 60-90 kcal mol-1, respectively.  All of these metals with the exception of 

aluminum, appear to have relatively high bond strengths suggesting an oxidation 

mechanism such as that exhibited by silicon may be applicable, but experimental work 

monitoring oxide growth profiles, composition, and oxide morphology as a function of 

time would be necessary to reach a conclusion.  Oxides of aluminum are shown to have a 

range of bond strengths and therefore may or may not be adequately characterized using a 

silicon-like oxidation mechanism.   
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