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Chemical mechanical polishing (CMP) is widely used in the microelectronics 

industry to achieve planarization and patterning of metal and dielectric layers for 

microelectronic device manufacturing.  Rapid advances in the microelectronics industry 

demand a decrease in the sizes of the devices, resulting in the requirement of a very thin 

layer of material removal with atomically flat and clean surface finish by CMP.  

Furthermore, new materials, such as copper and polymeric dielectrics, are introduced to 

build faster microprocessors, which are more vulnerable to defect formation and also 

demand more complicated chemistries.  These trends necessitate improved control of the 

CMP that can be achieved by studying the slurry chemical and particulate properties to 

gain better fundamental understanding on the process. 

In this study, the impacts of slurry particle size distribution and stability on pad-

particle-surface interactions during polishing are investigated.  One of the main problems 

in CMP is the scratch or pit formation as a result of the presence of larger size particles in 

xiv 



 

the slurries.  Therefore, in this investigation, impacts of hard and soft (transient) 

agglomerates on polishing performance are quantified in terms of the material removal 

rate and the quality of the surface finish.  It is shown that the presence of both types of 

agglomerates must be avoided in CMP slurries and robust stabilization schemes are 

needed to prevent the transient agglomerate formation.  To stabilize the CMP slurries at 

extreme pH and ionic strength environments, under applied shear and normal forces, 

repulsive force barriers provided by the self-assembled surfactant structures at the 

solid/liquid interface are utilized.  A major finding of this work is that slurry stabilization 

has to be achieved by controlling not only the particle-particle interactions, but also the 

pad-particle-substrate interactions.  Perfect lubrication of surfaces by surfactants 

prevented polishing.  Thus, effective slurry formulations are developed by studying the 

frictional forces, which are representative of the particle-substrate interactions, while 

achieving stability by introducing adequate interparticle repulsion.  Finally, optimal 

slurry particulate properties are examined by analyzing the material removal mechanisms 

for silica-silica polishing.  Based on the reported findings, a slurry design criterion is 

developed to achieve optimal polishing performance. 
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CHAPTER 1 
INTRODUCTION 

Chemical mechanical polishing (CMP) combines chemical and mechanical 

interactions to planarize surfaces using a polishing slurry that is made of submicron size 

particles and chemicals.  The other main components of the CMP process are the surface 

to be polished and the polymeric polishing pad.  Slurry chemical components interact 

with the material to be polished and alter its mechanical properties by creating a 

chemically modified surface layer.  Simultaneously, slurry abrasives mechanically 

interact with the chemically modified substrate surface, resulting in material removal.  

The polymeric polishing pad is responsible for carrying the slurry underneath the 

substrate and transferring the applied head pressure to the abrasive particles.  Figure 1.1 

schematically illustrates the CMP process.  The material to be polished (wafer) is 

mounted on a rotating polishing head, which comes in contact with a rotating platen 

carrying the polymeric pad.  Polishing slurry flows between the pad and the substrate 

surfaces resulting in planarization. 

The CMP process has been used to polish a variety of materials to produce 

optically flat and mirror finished surfaces [Ste97].  It has been adopted for preparation of 

optically flat and damage-free surfaces for glasses and semiconductors.  In the 

microelectronics industry, CMP is used for the planarization of interlayer dielectrics 

(ILD) and metals, to form interconnections between devices during multilevel 

metallization (MLM).  The main advantage of the CMP process is that it enables global  

1 
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         (a)               (b) 

Figure 1.1.  Schematic representation of chemical mechanical polishing (CMP) process. 
(a) Side view; (b) Top view [Oum99]. 

planarization, which is essential in building sub-0.5 µm MLM.  Planarization is achieved 

in CMP by maintaining high removal rates at the high surface features, while low surface 

features are removed very slowly [Car90].  This difference in polishing rate is achieved 

by the use of a rigid polishing pad that exerts relatively larger force onto the high features 

but does not conform to the wafer surface.  Lower forces exerted on the low features 

results in their minimal removal leading to planarization.  By accomplishing global 

planarization, CMP significantly reduces nonplanarity defects such as poor step coverage 

and metal stringers, which form when the thick metal film at the edge of a step is not 

completely etched.  The CMP process is also cost effective and provides alternative 

means of patterning metal, eliminating the need for the reactive ion etching for difficult-

to-etch metals.  Consequently, it increases the die yields and decreases the die cost 

[Ste97].  However, improper CMP may result in other types of defects such as scratching 

or pitting, stress cracking, delamination of weak interfaces, corrosive attack from the 
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slurry chemicals and residual abrasive particles.  These defects may also lead to the 

production of imperfect microprocessors.  Formation of defects becomes more critical as 

the device dimensions decrease.  Fabrication of 90 nm devices is expected by 2004 with 

37 nm wide gates, which will be made of only three to four atomic layers of dielectrics 

[Pet02a].  Therefore, a very thin layer of material removal with minimal number of 

defects has to be achieved by CMP.  Furthermore, 300 mm wafers are currently in 

production yielding a higher number of chips as compared to previously used 200 mm 

wafers, resulting in higher loses than before, in case a wafer is discarded [Bra02].  

Emerging introduction of copper and low-k dielectrics to build faster and more reliable 

devices raises more challenges in the efforts of reducing defects in CMP, since these are 

softer materials and hence more vulnerable to defect formation [Bra01].  Tables 1.1 and 

1.2 summarize the future trends in manufacturing of high performance microelectronic 

devices.  It is seen that the device dimensions keep shrinking while the wafer sizes 

continue to increase, indicating that significant improvements will be needed in CMP 

performance to keep up with the industrial demands.  This requires a fundamental 

understanding of the chemical and mechanical aspects of the pad-slurry-substrate 

interactions during polishing. 

Despite the need for improved understanding of the CMP process at atomic level, 

the emphasis remains to be the adjustment of the operational variables such as the applied 

head pressure and the platen velocity.  Yet, the material removal takes place primarily as 

a result of the chemical and mechanical interactions provided by the polishing slurry.  It 

is therefore necessary to investigate the role of slurry chemical and particulate properties 

in designing effective CMP processes.  Slurry chemistry modifies the properties of the 
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Table 1.1.  High-performance logic technology requirements. 
 
  

 
2001 

 
 

2002 

Year 
 

2003 

 
 

2004 

 
 

2005 
 

 
 

2006 

 
 

2007 

Technology node (nm) 130   90   65 

Physical gate length 
(nm) 

65 53 45 37 32 28 25 

Equivalent oxide 
thickness (EOT) (nm) 

1.3-1.6 1.2-1.5 1.1-1.6 0.9-1.4 0.8-1.3 0.7-1.2 0.6-1.1

 
 
Source:  [Pet02]
Table 1.2.  National technology roadmap for semiconductors. 
 
  

 
1995 

 
 

1998 

Year 
 

2001 

 
 

2004 

 
 

2007 
 

 
 

2010 

Minimum feature size 
(µm) 

0.35 0.25 0.18 0.13 0.1 0.07 

Maximum substrate 
diameter (mm) 

200 200 300 300 400 400 

Number of metal levels 
     DRAM 
     Microprocessor 

 
2 

4-5 

 
2-3 
5 

 
3 

5-6 

 
3 
6 

 
3 

6-7 

 
3 

7-8 
 
Interconnection metal 

 
Al, Cu 

 
Al, Cu 

 
Al, Cu 

 
Cu, Al 

 
Cu, Al 

 
Cu, Al 

 
ILD Dielectric Constant 

 
3.9 

 
<3 

 
≤2.5 

 
≤2 

 
1-2 

 
1-2 

 

 

 Source:  [Ste97]
surface to be polished [Kau91].  The mechanical interactions, on the other hand, vary 

depending on the slurry particle size and concentration, since these factors alter the load 

applied per particle.  By further understanding of the fundamentals of material removal 

mechanisms at single particle-substrate interaction level, methodologies can be developed 

to formulate efficient polishing slurries. 
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Slurry particle size distribution also plays a very important role in CMP, 

particularly in terms of defect formation.  It has long been suggested that the presence of 

larger size particles in the slurries is the major reason for the scratches [Sch95].  

Although there are several methods applied in practice to monitor the slurry particle size 

distribution and detection of larger size particles, their impact on CMP performance has 

not been quantified [Poh96, Nag96, Duk98].  Furthermore, factors responsible for robust 

slurry stability need to be investigated since the formation of transient agglomerates 

during polishing may as well be the reason for defect formations.  In summary, 

engineering the slurry particulate properties appears to be the crucial factor in developing 

a consistently high performing polishing system.  A synopsis of the efforts constituting 

this study is organized as follows. 

Chapter 2 reviews the literature on the CMP process.  Initially, motivations in the 

microelectronics industry for conducting CMP are discussed.  Furthermore, roles of the 

three main components in polishing and planarization: surface to be polished, polishing 

pad and the polishing slurry are introduced.  The previous findings on the impact of 

slurry particulate properties, such as the particle size and particle size distribution, are 

summarized.  In addition, effects of slurry chemistry on modifying the substrate surface 

are reviewed for the metal and silica-silica polishing systems as a major requirement for 

providing defect free surface finish with acceptable material removal rate.  The Silica 

polishing is studied in this investigation as a model system being the most commonly 

used dielectric material in microelectronics manufacturing and requiring the least 

complex slurry chemistry.  Mechanisms of material removal and defect formation are 

also discussed in this chapter.  Finally, the modeling efforts in predicting polishing 
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performance are summarized and discussed in terms of their effectiveness in evaluating 

not only the material removal rate response but also the surface quality of the polished 

substrate.  New approaches for developing more effective predictive methodologies are 

introduced. 

Chapter 3 focuses on the role of hard, larger size particles in CMP slurries.  Their 

impact on the polishing performance is quantified in terms of the material removal rate 

response and surface quality of the wafers.  Chapter 4 investigates the impact of transient 

soft agglomerates on polishing performance.  Soft agglomerates are introduced into the 

polishing slurries by slurry chemical modifications and dry aggregation methods.  

Behavior of transient agglomerates during CMP is evaluated by monitoring the change in 

polishing performance as a function of variation in slurry particle size distribution before 

and after polishing. 

Chapter 5 discusses stabilization of the CMP slurries utilizing the repulsive force 

barriers created by the self-assembled surfactant structures.  Slurry stability is studied in 

terms of not only the particle-particle interactions but also the pad-particle-substrate 

interactions.  Mechanisms of material removal are investigated for the surfactant-

mediated slurries by studying their impact on the frictional forces encountered during 

polishing.  The criteria for effective slurry formulation to achieve stability, while 

providing sufficient material removal rates with minimal defects, are defined. 

Chapter 6 concentrates on the design criteria for optimally performing CMP 

slurries in terms of the slurry particulate properties.  Particularly, slurry particle size and 

solids concentration effects are investigated as a function of the applied head load.  

Furthermore, slurry particulate properties are optimized as a function of the applied down 
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load in this chapter.  Chapter 7 summarizes the findings of this study with the suggestions 

for future work.

 



 

CHAPTER 2 
OVERVIEW OF CHEMICAL MECHANICAL POLISHING 

In this chapter a brief description of the CMP process is presented starting with 

the reasons fort the planarization requirement in microelectronic device manufacturing.  

The there main components of the CMP process, surface to be polished, polishing pad 

and slurries are introduced and their major roles in polishing are discussed.  Furthermore, 

current practice for designing highly efficient polishing slurries are analyzed to identify 

specific research needs for developing reliable predictive methodologies for the CMP 

applications. 

Motivations for Chemical Mechanical Polishing Process 

The continuous demand in the semiconductor industry for developing faster and 

more functional processors has resulted in fabrication of increasingly complex, dense and 

miniaturized devices and circuits [Ste97].  As the device dimensions are scaled down, the 

integrated circuits (IC) face the interconnect delay problem associated with the 

capacitance (C) and resistance (R) of the metal lines.  Most commonly, the interconnect 

delay is measured as RC time delay, which is defined as the time it takes for the voltage 

at one end of a metal line to reach 63% of its final value when a step input is presented at 

the other end of the line [Ste97].  To define the relationship of the RC time delay to the 

circuit design variables, resistance and capacitance of the metal lines should be defined 

initially.  The resistance of a metal line is expressed as given in Equation 2.1, 

    
A
l

wd
lR ρρ ==     (2.1) 

8 
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where ρ is the metal resistivity and l, w, d, and A are the length, width, thickness, and 

cross sectional area of the line respectively.  Capacitance of the metal line, is given by, 

    
t

wlε=C      (2.2) 

where ε is permittivity (equal to the insulator dielectric constant, εr, times the permittivity 

of free space εo) and t is the thickness of the insulator.  Since the RC time delay is the 

direct product of capacitance and resistance of the metal line, it can be expressed as in 

Equation 2.3 by combining Equations 2.1 and 2.2, 

    
td
lRC

2

ρε=      (2.3) 

From this relationship, it is clear that to reduce RC time delay, ρ, ε and l must be 

decreased, while d and t must be increased.  Although the RC delay is not dependent on 

the line width directly, decreasing the feature size generally requires that the line 

thickness (d) and the inter level dielectric (ILD) thickness (t) be scaled down.  Therefore, 

eventually the RC delay increases according to the relationship represented in Equation 

2.3.  In addition, the capacitance between the adjacent metal lines increases with the 

decreasing feature size.  Especially below 0.5 µm, a dramatic rise is recorded in RC time 

delay, which exceeds the advantage of decreasing device dimensions to decrease the 

device delay [Ste97].  As can be deduced from Equation 2.3, decrease in line length has 

the major impact on decreasing the RC delay since the delay increases with the square of 

the length.  Thus, it is advantageous to avoid long metal lines in circuit designs.  In 

addition, the width of the interconnections should be large enough to reduce line-to-line 

capacitance.  These two requirements can be met by the multilevel metallization method, 

which is explained in the following section. 
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Multilevel Metallization (MLM) 

Figures 2.1 a and b illustrate the three-dimensional and cross sectional scheme of 

multilevel metallization [Sti97].  In MLM, metal interconnections span several planes 

isolated by the insulating dielectric layers, which are wired in the third dimension by vias 

in the dielectric planes [Mur93].  In addition to reducing the line length and increasing 

the interconnection width, the MLM design also enables routing the metal lines to the 

upper levels when the long lines cannot be avoided. 

To achieve MLM, several steps are required, including deposition, lithography, 

etching and planarization.  Initially, the dielectric surface is planarized and high aspect 

ratio via holes are etched into it.  Then these holes are filled with metal and the excessive 

metal is removed from regions other than the vias by polishing.  On top of the vias, metal 

lines are deposited and patterned.  Finally, the next layer of dielectric is deposited and 

planarized to build the subsequent level.  The decreasing device dimensions and the 

increasing number of metal layers necessitate the improved planarization of the surfaces 

for MLM, since non-planarity of the surface becomes cumulative as the layers are built 

one on top of another.  High topographic variation results in poor step coverage and 

electromigration problems [Ols93].  Furthermore, below the 0.5 µm regime, the 

lithography tools require high numerical aperture lenses to print fine line dimensions.  

The depth of field of these lenses is approximately 270 nm across a 27 by 27 mm stepper 

field.  Due to this finite depth, the optical steppers require less than 150 nm variation in 

topography across the stepper field.  The uneven surface topography also causes uneven 

photoresist thickness resulting in overexposure at the thinner resist layers.  Hence, 

effective planarization of the wafer surface must be achieved for MLM. 
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(a) 

 

 
(b) 

 
Figure 2.1. Multilevel metallization. a) 3-D, low-angle scanning electron micrograph of a 

portion of partially completed SRAM array containing six-device memory 
cells (insulating oxide removed); (b) Cross section with silica dielectric and 
aluminum metallization [Sti97]. 
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Figure 2.2.  Degrees of surface planarity [Ols97]. 

Planarization 

Figure 2.2 illustrates the three degrees of planarity of (i) no planarization, (ii) 

local planarization and, (iii) global planarization.  Local planarity achieves locally flat 

surfaces but the overall surface height may vary across the die.  In global planarization, 

on the other hand, the surface is flat across the entire wafer [Ols93].  There are a couple 

of techniques available to achieve planarization.  The simplest approach is to flow the 

SiO2 (dielectric) layer with a high temperature anneal.  By doping SiO2 with boron, the 

glass transition temperature is lowered, allowing flow at temperatures as low as 900 oC 

[Wol86].  However, flow anneals may only be performed before the first aluminum metal 

layer is deposited, since aluminum melts at the high anneal temperatures.  Use of 

tungsten as the first level metal enables flow anneals since tungsten is stable at this 

temperature.  The second alternative for planarization is dry etching or reactive ion 

etching (RIE).  After the deposition of the oxide layer, a thick layer of photoresist is 

deposited on the surface, covering the steps and giving a flat finish.  The photoresist etch 
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rate is matched to the oxide etch rate so that the surface can be etched by RIE process 

uniformly, and planarized by etching until the plane oxide layer is reached.  This 

technique is disadvantageous, since often several repeats are required and the plasma 

used is composed of hazardous gases [Mur93, Ste97].  The third alternative is the 

chemical mechanical polishing (CMP), which is described in the following section. 

The CMP Process 

The main advantage of chemical mechanical polishing comes from its ability to 

achieve global planarization.  Being able to achieve global planarity, it reduces the 

planarity related defects such as metal stringers and poor step coverage.  The excessive 

film parts remaining from the earlier steps can also be removed during CMP.  It creates 

an alternative to dry etching for materials like copper, which are not amenable to dry etch 

[Ste97].  In spite of its advantages, CMP has its own challenges to planarization 

including, (i) an entire new set of metrology tools for its integration into the IC 

manufacturing and, (ii) inadequate understanding of process fundamentals.  It also results 

in new types of defects on the wafers such as scratches, pitting, stress cracking of the 

films, corrosive attack of the slurry chemicals, delamination of film interfaces and 

residual particles on the film surfaces [Lan92].  To increase CMP efficiency, it is 

necessary to acquire better understanding of the basis that will lead to enhanced process 

control and reduced number of defects. 

The CMP process consists of moving the surfaces to be polished against a 

polymeric pad that is used to provide support against the sample surface and to carry the 

polishing slurry.  Polishing slurry is composed of submicron size particles and chemicals 

providing the chemical and mechanical interactions that enable material removal.  In 

CMP, planarization is achieved by maintaining high removal rates at the high surface 
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features, while low surface features are removed relatively slowly [Car90].  To 

understand polishing and planarization, roles of the three main components of CMP, 

namely, the surface to be polished, polishing pad and the slurry, are outlined below. 

Surface to be Polished 

The successful application of the CMP process in silicon IC’s was started with 

multilevel interconnection structures employing SiO2 as the inter level dielectric, the 

chemical vapor deposited (CVD) tungsten as the via fill metal, and the sputtered 

aluminum as the planar interconnection metal [Moy89].  Initial process developments in 

CMP focused on the SiO2 and tungsten layers [Utt91, Kau91].  Since then, the use of 

CMP has expanded to a large variety of metals including Al, Cu, Ta, Ti, TiN, W and their 

alloys and insulators such as SiO2 and SiO2 doped glasses, Si3N4, polymers and 

polysilicon. 

The main motivation for the search for new materials in the microelectronics 

industry has come from the requirement of reducing the RC time delay.  As discussed 

earlier, RC time delay can be reduced by decreasing the resistivity of metal and the 

dielectric constant of the ILD.  The most commonly used metals in IC manufacturing are 

the aluminum alloys.  While aluminum is a good conductor, its resistivity is 2.66 µΩ-cm.  

There are other metals available with lower resistivities such as copper, silver and gold.  

Gold is favorable for its high corrosion and electromigration resistance; however, it 

shows only a marginal improvement in resistivity with a value of 2.35 µΩ-cm.  The other 

alternative is silver with 1.59 µΩ-cm resistivity but it tends to diffuse into SiO2 [McB86].  

These two metals also dramatically affect the electronic properties of silicon due to the 

two deep energy levels introduced into the silicon bandgap [Sze81].  Finding barriers to 
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silver diffusion into SiO2 and silicon has proven difficult [Mur91].  In addition, silver has 

the disadvantage of poor electromigration resistance because of its low melting point 

[Li94].  Therefore, copper appeared to be the most attractive candidate among all the 

other metals.  Its resistivity is 1.67 µΩ-cm, which is 50% lower than the aluminum 

alloys.  It also has a greater electromigration resistance than aluminum [Mur93], which 

allows for the higher current densities before the onset of electromigration [Li94].  

Although copper also exhibits deep levels in silicon and its impurities diffuse in silica, 

there are several effective barrier materials available to prevent these effects, typically 

tantalum, tantalum nitride and silicon nitride [Wan94].  The other challenges for copper 

are its susceptibility to corrosion and unsuitability to dry etching.  However, there are 

promising methods for passivation of copper as well as an alternative patterning 

methodology called dual damascene, in which trenches and holes are cut into dielectric 

and filled with copper [Ste97].  In damascene technology, first the vias and trenches are 

created and a TaN diffusion barrier is physical vapor deposited (PVD) in them followed 

by the PVD deposition of a copper seed layer.  Afterwards, the bulk of the copper is 

deposited by electroplating and the surface is planarized by CMP.  The copper process is 

well adopted at 0.18 µm technology node and it remains the metal of choice for the future 

IC’s [Sin02] 

In terms of the selection of low dielectric constant ILD, polymeric materials are 

promising candidates [Ste97].  The currently used ILD’s are mostly chemical vapor 

deposited SiO2 with εr between 3.9 and 6.0 depending upon the doping (fluorine or 

boron) and water content of silica.  While low εr polymer materials show promise as 

ILD’s, several issues must be resolved before their incorporation into the IC 
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manufacturing process [Tho94].  First, the selected polymers must be stable at the applied 

high processing temperatures.  Furthermore, they have to be mechanically stable resisting 

to stress induced deformation and delamination.  Their anisotropy in εr and patterning are 

other concerns in their integration.  SiLK by Dow Chemical and GX-3 by Honywell are 

some of the commercial polymeric dielectric products.  The bulk of the low-k 

implementation is expected at 90 nm device node, where organosilicate and spin-on 

polymers will dominate at k=2.7 [Pet02b]. 

As new materials are introduced to IC manufacturing, their integration brings in 

new challenges.  Currently, the copper-low k integration is being studied extensively to 

enable high yield and minimal defects during planarization [Pet02a].  One of the major 

challenges is the dishing and erosion problem for the copper interconnects (Figure 2.3) 

[Ste97].  This problem is especially severe where there is either a large difference in the 

properties of the two materials being polished (such as hardness), or when extremely tight 

dimensional control is required.  Dishing occurs when wide and isolated features are 

exposed to CMP.  If the polishing slurry has a chemical selectivity to the metal in trench  

 

Figure 2.3.  Schematic representation of copper dishing and SiO2 erosion [Ste97]. 
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(Cu) or this material is softer than the selected dielectric (like copper and silica system), it 

may be polished much faster relative to the surrounding material.  Dishing can lead to 

poor electrical contact in MLM structures.  Erosion, on the other hand, takes place when 

the dielectric surrounding the metal features is polished along with the metal in the high 

pattern density areas.  As it leads to thinning of the dielectric layer along with the metal, 

the planarity as well as the electrical properties of the MLM are degraded.  The CMP 

process therefore, needs to be designed depending on the materials to be polished on the 

wafer surface. 

Polishing Pad 

The main function of the polishing pad is to transport the polishing slurry to the 

wafer surface and provide planarity as it interacts with the high level structures on the 

wafer.  The surface structure and material properties of the polishing pads are important 

in determining the material removal and planarization ability of the CMP process.  In 

general, polishing pads are made of polyurethane since chemistry of polyurethane allows 

the pad characteristics (such as hardness and porosity) to be tailored to meet specific 

material property needs in CMP [Jai94].  The harder and more incompressible the pad, 

the less it will bend and conform to the wafer surface resulting in less material removal at 

the recessed areas thus, increasing the planarization.  However, some flexibility of the 

pad is also required to minimize any possible breakage of wafers during polishing.  These 

demands led to the use of stacked pads.  Figure 2.4 shows the schematic cross-section of 

Rodel’s composite polish pad consisting of two pre-stacked films.  The bottom pad film 

(Suba IV) is softer than the upper film.  It is used to ensure that the composite structure 

conforms to the wafer shape.  The top stiffer film (IC-1000) maintains a long 

planarization length when polishing patterned wafers, enabling global planarization. 
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Figure 2.4.  IC 1000/Suba IV stacked polishing pad SEM cross-section (40 x) [Obe98]. 

The structure of the pad surface is important for the slurry transport.  Figures 2.5 a and b 

show the SEM and AFM images of the IC-1000 polishing pad with the AFM cross 

section.  The macro and micropores on the pad surface can be clearly seen in Figure 2.5 

a, which help slurry transport.  The heights of the pad asperities are also non-uniform 

(cross section of Figure 2.5 b), and they are suggested to have a lognormal height 

distribution [Yu94].  Therefore, at a given pressure only some portion of the pad 

asperities are expected to be in contact with the wafer surface and the contact is expected 

to increase with the increasing pressure [Ste97].  The abrasive particles are trapped and 

released from the pad surface continuously during polishing at the points of contact 

[Kir94].  However, pad surface tends to deform upon polishing and needs to be 

conditioned after every use.  This results in wearing of the pad and changes in the pad 

thickness.  Figures 2.6 a and b show SEM pictures of a new pad (Rodel’s Suba IV) 

material and a glazed pad surface after polishing, respectively [Ste97].  The ability of the 
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pad to carry abrasive particles decreases as its structure degrades resulting in lower 

material removal rate response. 

Recently, fixed abrasive pads were introduced as an alternative to the regular 

polishing pads.  In this pad structure, abrasive particles are embedded into the pad surface 

and polishing is conducted with abrasive free solution (Figure 2.7).  The top micro-

replicated resin layer is made of polycarbonate, while the sublayer is a soft foam material 

(vinyl acetate).  The embedded abrasives are usually cerium oxide or alumina with a  

 

 
(a) 

 

 
(b) 

 
Figure 2.5.  IC-1000 polishing pad surface (a) SEM micrograph (200x); (b) AFM 

micrograph and cross-section. 
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(a) (b) 
 

Figure 2.6.  SEM micrograph of Suba IV pad surface (150x). (a) Before polishing new 
pad; (b) After polishing (glazed) [Ste97]. 

 

Figure 2.7.  SEM micrograph of fixed abrasive pad surface (200x) [Vel00]. 

mean size of 0.2 micrometer [Vel00].  The use of fixed abrasive pads in CMP eliminates 

the colloidal stability problems allowing the use of wider variety of solution chemistry.  

The problems of uniform slurry distribution on wafer surface and the variations in 

polishing due to pad conditioning are also minimized [Ngu01].  In addition, post CMP 

cleaning and effluent filtration for environmental protection become more manageable 
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due to the absence of particles in the slurry [Fle98].  But the main advantage of fixed 

abrasive pads in processing was observed in copper polishing, where dishing and erosion 

problems were encountered.  It was shown that the planarization was almost three times 

faster than the regular CMP processes and the polishing uniformity also improved with 

fixed abrasive pads in copper polishing [Vel00].  In another study, it was reported that the 

slurry free copper CMP system had lower sensitivity to overpolish time, which helped in 

reducing dishing and erosion [Tri99].  However, the fixed abrasive polishing was 

observed to create more scratches on the polished surfaces and therefore requires more 

improvements before it is implemented [Bra00]. 

Polishing Slurry 

CMP slurries provide both the chemical action through the solution chemistry and 

the mechanical action through the abrasive particles during polishing.  High polishing 

rates, planarity, selectivity, uniformity, post CMP cleaning efficiency (including 

environmental concerns), shelf-life, and dispersion ability are the factors which need to 

be considered to optimize the slurry performance [Ste97].   

Abrasives in the slurries play the very important role of transferring mechanical 

energy to the surface to be polished.  The most commonly used abrasives in CMP are 

SiO2 and Al2O3, although CeO2 is also used for glass polishing.  Even though mechanical 

grinding by the abrasive particles can provide planarization, this is not desirable because 

of extensive surface damage after polishing.  The chemistry alone, on the other hand, 

cannot achieve planarization since most of the chemical reactions are isotropic [Ste97].  

In CMP, the synergy between the chemical and mechanical interactions is utilized to 

achieve planarization.  Chemical components of the polishing slurries alter the properties 

of the top surface layer of the substrate, while the abrasive particles interact with this 
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layer under the applied pressure to remove it.  Successful polishing is believed to take 

place when the rates of chemical and mechanical activities are comparable in polishing 

operation [Ste99].  Therefore, it is important to determine the extent of the chemical 

activity on the wafer surface and the conditions under which the mechanical material 

removal takes place.  To address these issues, in the following sections, the impact of 

slurry chemistry and slurry particulate properties on polishing performance is discussed. 

Effect of slurry chemistry on CMP performance 

Metal CMP  

In metal CMP, slurry chemistry is modified to alter the properties of the metal 

surface to be polished.  Formation of chemically modified layer is required to provide 

high material removal rate, acceptable surface quality and successful planarization in 

metal CMP.  In tungsten polishing, formation of tungsten oxide on the tungsten metal 

layer has been shown to be necessary to achieve satisfactory material removal [Bie98].  

As can be seen in Figure 2.8, negligible material removal was obtained in the absence of 

the oxidizer (K3Fe(CN)6) in tungsten CMP [Bie98].  Furthermore, the chemically altered 

layer must be a passive oxide layer to enable topographic selectivity during polishing 

[Ste94].  Figure 2.9 illustrates the proposed polishing mechanism of tungsten, which 

leads to the planarization of the wafer surface by achieving topographic selectivity 

[Kau91].  According to this mechanism, the passive oxide layer on the tungsten wafer is 

removed by the abrasive particles at the higher levels, while the metal at the recessed area 

is protected from further etching by the formation of passive film.  In appropriate 

chemistries, formation of protective oxide layer was demonstrated by wear experiments 

for tungsten polishing by rubbing the surface using pin-on-disk method.  As illustrated in 

Figure 2.10, formation of the passive oxide layer on the surface at motionless stage 
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Figure 2.8.  Tungsten polishing in the absence and presence of oxidizer (K3Fe(CN)6) 
[Bie98]. 

decreased the current to near zero, whereas when the fresh metal surface was exposed to 

the slurry by rubbing, current increased as the oxidation reaction started on the bare 

tungsten surface [Bie98].  These findings indicated that the continuous formation and 

removal of the passivated layer enables the material removal and planarity for metal 

CMP. 

To achieve an acceptable surface quality, the mechanical properties of the 

chemically activated films need to be studied.  It was shown by nanoindentation analysis 

on tungsten and copper films (oxidized under CMP conditions) that the chemically 

modified surface films were harder than the metal itself [Ram00].  The forces required to 

remove the relatively harder metal oxide layers by plastic deformation can also cause  
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Figure 2.9.  Mechanism of tungsten polishing and planarization in the presence of passive 
oxide layer [Kau91]. 

deformations on the softer metal surfaces.  Hence, it is necessary to propose alternative 

material removal mechanisms for the chemically altered layers other than plastic 

deformation, to obtain good planarity and low defect counts after CMP.  It was  

 



25 

 

Figure 2.10.  Current recorded during wear experiments of tungsten for anodic applied 
potential (+2V) in 0.5 M H2SO4 for a sphere motion cycle of 0.2 seconds 
[Bie98]. 

mentioned earlier that the chemically modified films must be protective for an effective 

metal CMP.  The protective oxide film must be continuous, pore free and adherent.  The 

tendency of the oxide film to protect the metal from further oxidation is related to the 

relative specific volumes of the metal oxide and metal.  When an oxide film forms at the 

metal/oxide interface, the volume change due to the formation of oxide can be expressed 

by the Pilling-Bedworth ratio [Xu00], 
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where, Ao  is the molecular or formula weight of the oxide, AM is the atomic weight of the 

metal, and ρO and ρM are the oxide and metal densities, respectively.  It is generally 
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accepted that when the P-B ratio < 1, which means that the volume of the oxide is less 

than the metal volume (or the lattice constant, a, of the oxide film is smaller than the 

metal), tensile stresses develop within the oxide film.  As the thickness of the oxide layer 

increases, the oxide film starts to crack to relieve the strain and becomes porous.  

Consequently, the underlying metal film maybe etched locally and cannot be planarized 

uniformly.  On the other hand, if the volume of the oxide is much greater than the metal 

(P-B ratio >> 1), compressive stresses will start to develop as the film grows.  The oxide 

film releases the strain energy by breaking the bonds at the metal-oxide interface 

resulting in lack of protective oxide film.  An ideal protective oxide can be obtained when 

the P-B ratio is between 1 and 2.  In this regime, the oxide formed on the metal surface 

remains intact.  Its growth is limited with diffusion of the metal ions through the oxide 

film.  Figure 2.11 represents the thin oxide film behavior as a function of the P-B ratio. 

For a given metal undergoing oxidation, the P-B ratio may provide a tool to predict the 

stress development in the film structure and the morphology of the oxide film. As the 

oxide-metal interface stress characteristics can strongly influence the surface quality upon 

polishing, the P-B ration criteria can be utilized to select alternative material removal 

mechanisms for metal CMP to achieve acceptable surface quality. 

The stability of the oxide film on the metal surface depends on the strength of the 

bonds at the metal-oxide interface.  As the film grows, the stresses developed in the oxide 

film structure are balanced with the metal-oxide bond strength (σbond), which can be 

estimated by Equation 2.5, 
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where Efilm is the film elastic modulus, γO and γS are the surface energies of the oxide film 

and metal substrate, KIc is the fracture toughness of the oxide-metal interface and d is the 

film thickness [Coh90].  When a protective oxide film is formed, the internal stresses 

(σιnternal) induced by the oxide growth do not overcome the metal-oxide bond strength.  

But the oxide structure is under compression since P-B ratio is between 1 and 2.  In CMP 

applications, the external stresses (σexternal) applied on the oxide film by the abrasive 

particles should also be taken into account to evaluate the oxide film stability.  The stress 

balance in the metal-oxide interface can be given as in Equation 2.6. 

    σ bond   =  σιnternal  +  σexternal   (2.6) 

 

 

Figure 2.11.  Thin oxide film behavior as a function of the P-B ratio (a) Porous oxide (P-
B Ratio < 1); (b) Protective oxide (1< P-B Ratio< 2); (c) Film fracture (P-B 
> 2) [Zha00]. 
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When the total magnitude of the internal and external stresses exceeds the bond 

strength, the oxide film can be removed by breaking the metal-oxide bonds at the 

interface.  Therefore, the optimal load per abrasive particle, creating the external pressure 

at the metal-oxide interface, can be estimated by measuring the internal stress at the 

interface and comparing it to the critical stress for the bond failure (σbond).  This 

mechanism of material removal is expected to yield an atomically planarized surface due 

to the breakage of metal-oxide bonds at the interface.  On the other hand, if the formed 

oxide is very brittle it may fracture under the applied pressure of the abrasive particles 

before the bond strength at the interface is exceeded resulting in local etching and 

inefficient planarization.  This suggests that the mechanical deformation of the 

chemically altered layer (oxide layer) is possible under very low loads (below the yield 

strength of the metal) and the harder oxide layer can be removed by protecting the much 

softer metal surface underneath.  Either the brittle fracture or the peeling of the oxide film 

can be alternatives to plastic deformation in metal CMP applications for the mechanical 

removal of the passivated top films without damaging the wafer surface.  By determining 

the mechanical properties of the metal oxide layer, the mode of material removal can be 

predicted.  Therefore, effective slurry designs can be developed including the chemistries 

to form a protective oxide layer and particulate properties (particle size and solids 

concentration) to apply adequate pressure on the oxide film to result in sufficient material 

removal with minimal defect formation. 

Silica CMP   

Silica is the most commonly used oxide in IC manufacturing as a dielectric 

material [Ste97].   In silica CMP, formation of a chemically modified layer has been 
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suggested to be necessary to achieve high material removal rate with acceptable surface 

quality [Izu79].  The chemical modification of the surface in silica CMP is proposed to be 

provided by the water molecules [Tom94, Coo90].  Indeed, polishing rates were observed 

to be near zero in hydrocarbon liquids such as kerosene [Izu84], paraffin [Cor63] or oil 

[Izu79] as well as in liquids without hydroxyl groups, such as formamide [Cor63].  

Surface quality was also detected to be poor in such liquids.  Therefore, it was proposed 

that the interactions between the siloxane bonds (Si—O—Si) and water, primarily 

determine the behavior of silica surface during polishing.  The reaction for the breakage 

of the network forming siloxane bonds with water to form a hydrated surface is as 

follows [Ile79]. 

H2O + Si—O—Si   Si—OH + OH—Si 

Budd explained this reaction as the attack of the solvated hydrogen ion (H3O+) on the 

negative oxygen sites of silica [Bud61].  The reaction is completed in three stages.  

Initially, a water molecule from the environment attaches to the Si—O—Si bond by 

aligning itself due to the formation of a hydrogen bond between its hydrogen and the 

oxygen atom of the silica surface, and interaction of the lone pair orbitals of the oxygen 

in water structure with the Si atom.  In the second stage, a reaction occurs in which 

proton transfer from water hydrogen to the oxygen of silica is accomplished 

simultaneously with electron transfer from the oxygen of water to the silica atom.  As a 

result of these reactions, two new bonds are formed by destroying the original bond 

between the silica and oxygen resulting in Si—O—H bonds on the surface.  The rate of 

this reaction is believed to be controlled by the diffusion of water into silica structure 

[Dor73].  The diffusion coefficient of water in silica at ambient conditions and neutral pH 
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values were measured to be quite low [Nog84, Lan85].  A significant increase in 

diffusion rate of water into silica structure occurs at high pH values (above pH 9.0).  Iler 

reported three orders of magnitude increase in silica dissolution rate as the pH value was 

increased from 2 to 11 [Ile79].  This behavior is explained based on the OH- ion acting as 

a catalyst for attack by water on the silica network [Bud61].  The rate of attack is much 

faster with OH- ions than it is by water, since they create excess of electrons resulting in 

higher negative surface potential and consequently more attack by H3O+.  The increase in 

pressure was observed to be the other factor increasing water dissolution.  Ito and 

Tomozowa have shown that dissolution of silica increased significantly as a function of 

increased pressure from 50 to 250 MPa [Ito81].  Further investigations revealed that the 

tensile stresses were responsible for the increased silica dissolution, suggesting that the 

tension created on the silica surface by the abrasive particles as they trail on the wafer 

resulted in enhanced material removal [Nog84].  In agreement with these observations, 

silica polishing was observed to increase significantly above pH 9 [Izu84].  However, the 

polishing rate was observed to be very slow without the abrasives, which can be 

attributed to the ineffective transfer of the applied pressure to the wafer surface in the 

absence of particles [Izu79]. 

The transmission electron microscopy (TEM) analyses combined with the 

Fourier-transform infrared spectroscopy (FTIR) have revealed evidence of 

chemical/structural modification of the silica surface after CMP [Tro94]. The cross 

sectional TEM micrographs of the silica surface after CMP indicated two subsurface 

regions, which were described as a 2 nm surface region possessing lower density than the 

bulk and underneath, a 15-20 nm region with a higher density according to the grazing 
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angle X-ray density measurements.  FTIR analysis confirmed that these were hydrated 

layers.  There is also indirect evidence of the formation of a type like layer on the silica 

surfaces in water environment.  Adler observed a short-range repulsion on silica surface 

by direct measurement of surface forces [Adl01].  By evaluating the water-silica system 

behavior under a variety of solution environments he concluded that this behavior could 

be explained due to the swelling of the silica surface as a result of water diffusion into 

structure.  The gel-layer, on the surface of silica is suggested to be softer than the silica 

itself.  This is in agreement with the structure weakening of silica by the attack of water, 

which was observed to result in fracture of silica surface at relatively lower stress 

intensities in the presence of water [Mic82].  Direct evidence was presented by 

Tomozava et al by measuring the hardness of silica glass as a function of water content in 

oil based solution [Tom94].  As illustrated in Figure 2.12, silica hardness was observed to 

decrease drastically with the increasing water content.  The surface analysis of the 

indentations also showed increased plastic deformation at higher water contents, as  

 

 

Figure 2.12.  Vickers indentation hardness of silica glass as a function of water content 
[Tom94]. 
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shown in Figure 2.13.  These observations revealed that the presence of water is not only 

required for enabling the material removal but also to achieve acceptable surface quality 

during CMP.  As mentioned earlier, surface quality was observed to be poor in 

environments other than water, where the chemically modified layer was absent.  

Furthermore, at low pH slurries, where the dissolution rate of silica was minimal, surface 

 

 

 

 

 

 

 
Figure 2.13.  Scanning electron micrographs of Vickers indentation of silica glass with 

different water contents in toluene (a) ~0 wt% water; (b) ~6.11 wt% water; 
(c) ~8.65 wt% water [Tom94]. 
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qualities were also reported to be unacceptable [Izu79], which maybe attributed to the 

rate of chemically modified film formation being not sufficient.  Consequently, it may be 

concluded that it is necessary to achieve a balance between the chemical and mechanical 

interactions during CMP to achieve optimal polishing performance.  Since the particles 

are suggested to improve the dissolution reaction of silica by inducing pressure and 

simultaneously resulting in its removal, the particulate properties of the slurries must also 

be optimized for an effective oxide polishing, which is discussed in the following section. 

Effect of slurry particulate properties  

Slurry particulate properties, such as particle size, size distribution and solids 

concentration results in variation in the number of particles interacting with the wafer 

surface during polishing.  This may in turn vary the load applied per abrasive particle.  

Therefore, slurry particulate properties must be engineered to obtain optimal polishing 

performance. 

Many researches have conducted studies to analyze the effect of particle size on 

material removal rate during CMP.  However, the reported results are often inconsistent.  

Brown and Jairath showed that polishing rate increased with increasing particle size 

[Bro81, Jai94].  Izumitani, on the other hand, observed a decrease in material removal 

with increasing particle size [Izu79].  Contradicting with these findings, Cook and 

Sivaram concluded that the polishing rate was independent of particle size [Coo90, 

Siv92].  Most likely these discrepancies are primarily due to the particle size and solids 

loading regimes used by various researchers.  To elucidate the reasons for the observed 

differences, tungsten and silica CMP studies were conducted over a wide range of 

particle sizes and solids concentrations in our group earlier [Bie98, Mah00].  In tungsten 

CMP, material removal rate was observed to increase with increasing solids loading and 
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decreasing particle size.  Surface morphology analyses conducted on the polished 

samples showed no deformation on the wafer surfaces, except for a very few shallow (∼5 

nm) scratches on the wafers polished with 10–13 µm particles.  From these findings it 

was suggested that in tungsten polishing, material removal mechanism was not a 

scratching type process but controlled more by the chemical activity enhancement by the 

increased contact area between the abrasives and the polished surface.  On the other hand, 

in silica polishing, there was a continuous increase in the material removal rate as a 

function of the solids concentration with only 0.2 µm particles.  As illustrated in Figure 

2.14, a decrease was observed with the 0.5 µm and larger size particles after a maximum 

was reached.  Silica wafers polished with these larger size particles showed significant 

 

Figure 2.14.  Material removal rate of silica as a function of the solids loading of silica 
slurries for different particle sizes [Mah00]. 
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surface deformations, while the 0.2 µm size polishing produced a smooth surface finish.  

These observations of varying surface quality and material removal rate with the particle 

size and concentration indicated that there may be different material removal mechanisms 

becoming predominant as a function of the slurry particle size and concentration. 

To explain the dependence of material removal on slurry particle size and 

concentration, two polishing mechanisms were proposed by Singh et al [Bie98].  These 

are the contact area and the indentation based mechanisms.  The mathematical 

expressions relating the material removal rate to the solids loading and particle size in 

these relationships were derived from Brown’s [Bro81] expression for penetration depth 

of an abrasive particle onto a metal surface.  Figures 2.15-a and b schematically represent 

the contact area and indentation based mechanisms, respectively. 

According to the contact area based mechanism, material removal rate is 

proportional to the total area of contact between the abrasive particles and the wafer 

surface.  This mechanism was suggested to enhance the chemical activity resulting in 

surface modification as the particles touch the wafer surface [Bie98].  According to our 

further analysis, we believe that in contact area mechanism the abrasive particles are in 

interaction with the chemically modified layer.  They help its removal by the alternative  

 

Figure 2.15.  Schematic representation of material removal mechanisms. (a) Contact area 
mechanism; (b) Indentation volume based mechanisms. 
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mechanisms suggested in the previous section rather than the plastic deformation, which 

may result in deformations on the underlying substrate.  Consequently, a better surface 

quality is expected when polishing occurs predominantly with contact area based 

mechanism.  The total area of contact, A, increases with increasing particle concentration 

at a given particle size, and decreasing particle size at a fixed concentration.  Therefore, it 

is directly related to solids concentration, Co, and inversely related to the particle size Φ 

as expressed in Equation 2.7 below.  This relationship predicts that higher material 

removal rates should be achieved with smaller particle size and higher solids loading 

slurries as it was observed experimentally on tungsten CMP [Bie98].  Consequently, this 

mechanism is expected to be predominant when small size abrasive particles are used at 

high solids concentrations. 

     3
1

3
1

0CA −
∝ φ     (2.7) 

The indentation-based mechanism explains the material removal by the indents of 

the abrasive particles into the wafer surface.  In this mechanism, material removal is 

suggested to take place more as a result of the mechanical interactions of the particles 

creating abrasions on the surface to be polished.  The total indent volume, V, is inversely 

proportional to the concentration of particles and directly proportional to the particle size 

as per Equation 2.8 below.  The particle indent increases as the pressure per particle 

increases, which is possible by decreasing the number concentration of particles on the 

surface at a given download.  Hence, the total indent volume is higher at lower particle 

concentrations and when larger particles are used at a fixed concentration.  This 

mechanism becomes predominant at low solids concentrations or with larger size 

particles. 
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     3
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These two mechanisms may also explain the formation of scratches and pitting 

during CMP when the polishing slurries show a non-uniform size distribution, which may 

lead to a variation in the applied load per particle.  The larger size particles may be 

exposed to higher loads resulting in their indentation to the wafer, while the smaller sizes 

remain in contact with the substrate.  Especially, presence of a few larger size particles, 

which lead to an increase in the coarse tail end of the size distribution, is suspected to be 

the main reason for the surface deformations in CMP [Coo90, Sch95].  Therefore, Cook 

suggested the use of monosized slurries for polishing.  Furthermore, slurry particle size 

distribution and stability must be monitored to prevent large deviations in the particle size 

distributions during CMP. 

The contact area and total indent volume based relationships are the first efforts in 

relating the particle size and concentration to the material removal rate response.  

However, it is necessary to expand the given relationships into a model to be able to 

predict the overall polishing performance.  The modeling approaches for the CMP 

applications are reviewed in the following section. 

Modeling Efforts in CMP 

The earliest and most cited model used to predict material removal rate in CMP 

applications is that of Preston, which was developed for glass polishing [Pre27].  

According to the Preston equation, material removal rate (thickness of the material 

removed dH, in a unit time dt) is directly related to the process variables, local pressure P 

and relative velocity V, as given in Equation 2.9. 

     PVK
dt
dH

P=     (2.9) 
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Other variables that may affect the polishing performance such as the abrasive properties, 

slurry chemistry and the tribological interactions at the wafer-slurry-pad interface are 

assumed to be accounted for in the Preston coefficient Kp.  This model is an empirical 

way of relating the operational variables to the material removal rate for a system where 

the Kp value is determined by experimental measurements.  However, the effects of 

chemical interactions on the properties of the wafer surface, or the impacts of variations 

in slurry particle size on polishing performance cannot be predicted based on this model. 

Brown [Bro81] approached polishing of metals at a single particle-surface 

interaction level and modeled the penetration of a single abrasive particle into metal 

surface using Hertzian elastic interaction theory.  Equation 2.10 represents Brown’s 

model, which is a modification of the Preston equation.  The coefficient Kp is replaced 

with 1/2E to account for the material properties of the surface to be polished, where E is 

the Young's modulus of the polished metal.  His studies on optical polishing of metals 

showed that this model gave reasonable approximation in estimating the material removal 

rate for some materials such as nickel. 

     PV
2
1

dt
dH







=

E
   (2.10) 

Cook tried to validate Brown’s model for glass polishing and observed that the 

model overestimated the polishing rates by over an order of magnitude [Coo90].  To 

explain this discrepancy he proposed that the material properties of the surface could be 

different from the bulk material.  Formation of such a layer may change the mechanical 

properties of the surface to be polished significantly.   

The third modeling approach is based on hydrodynamics in which the slurry is 

treated as a Newtonian fluid and the pad and wafer are treated as rigid surfaces.  The 
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most cited hydrodynamic model was introduced by Runnels [Run94a].  In this model he 

assumed the existence of a hydrodynamic boundary layer between the pad and wafer 

which led to material removal [Run94b].  According to Runnels approach, the material 

removal rate equation is represented by, 

     τσ nPC
dt
dH

=     (2.11) 

where Cp is a Preston-like constant, σ is the normal stress tensor due to the applied force 

and τ is the shear stress due to slurry flow activated by relative motion between pad and 

wafer.  Similar assumptions were also used by Agarwal and co-workers to determine the 

stress distribution on the wafer surface with two-dimensional and three-dimensional 

features using the finite element method [Aga00].  Their simulations indicated that it 

maybe possible to remove features on wafers by hydrodynamic forces alone.  However, it 

is known that the polishing pad is not a rigid surface as assumed in these models.  

Furthermore, these investigations did not present any experimental data in support of the 

proposed predictive methodologies.  Therefore, the validity of the hydrodynamic models 

and their extent of accuracy are not known. 

Tseng and Wang combined Equation 2.11 and the Hertzian particulate penetration 

approximation to obtain an alternative removal rate equation expressed as: 

     2
1

6
5

VMP
dt
dH

=    (2.12) 

where M is a constant dependent on process conditions, and P and V are the head 

pressure and velocity, respectively [Tse97].  This model was extended by Shi et al, by 

accounting for the polishing pad properties [Shi98].  The resulting removal rate 
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expression was represented as in Equation 2.13.  However, this approach was also limited 

to the simulation of specific polishing systems. 

     VPK
dt
dH 3

2

P=     (2.13) 

It can be seen from the above descriptions that the usual trend in CMP modeling 

is to modify the Preston equation to improve the agreement between material removal 

rate response and the experimental results.  There are other studies in which, detailed 

modifications of the Preston equation were introduced for copper [Luo98, Mau97] and 

silica CMP applications [Oum99].  Although these models are adequate for specific 

applications, they concentrate only on the operational variables and are not applicable to 

other systems with different slurry properties.  In addition, chemically altered layer 

formation is not taken into account, which is important to predict surface quality as well 

as the material removal rate in CMP.  Evidently, there is a need for developing more 

fundamental predictive methodologies to control the CMP processes, particularly to keep 

up with the smaller size device manufacturing. 

Scope of the Dissertation 

 This study concentrates on the impact of slurry particle size distribution and 

stability on the CMP performance by analyzing the possible changes in the pad-particle-

substrate interactions during polishing.  Furthermore, methodologies are developed to 

formulate stable slurries that will lead to the controlled material removal and optimal 

surface quality with a potential application for improved slurry selectivity.  Finally, the 

impacts of particulate properties on polishing performance with possible polishing 

mechanisms are investigated.  The silica-silica polishing is studied in this work as a 

model system.  It is expected that the reported findings can be extended to the other types 
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of CMP applications.  Formulation criteria for engineered particulate systems introduced 

in this dissertation is also believed to assist in development of better predictive 

methodologies for the CMP processes. 

 

 



 

CHAPTER 3 
DETECTION AND IMPACT OF HARD AGGLOMERATES IN CMP 

Introduction 

The rapid advances in the microelectronics industry require a decrease in the size 

of microelectronic devices [Lea97].  Fabrication of these small feature devices without 

defects necessitates significant improvements in the CMP process.  The success of CMP 

operations depends on the rate of material removal and the quality of the surface finish.  

Optimal removal rate and smooth surface finish are achieved by the synergistic effects of 

the chemical and mechanical forces encountered in the CMP process.  It has been 

demonstrated that in oxide CMP, the chemical content of the polishing slurry is 

responsible for enabling erosion, whereas mechanical forces help to achieve the required 

planarization and uniformity [Run96].  The mechanical action in CMP is mostly provided 

by the submicrometer size abrasive particles as they flow in between the pad and the 

wafer surface under the applied pressure.  Cook reported that the surface damage was less 

when monosized slurries were used for polishing [Coo90].  However, in practical 

applications slurries may exhibit a size distribution due to contamination or particle 

agglomeration.  A small fraction of hard, coarse size particles (hard agglomerates) in 

these slurries suggested to be responsible for deformation on the wafer surfaces, resulting 

in defective microprocessors [Sch95].  Hence, the detection and removal of oversized 

particles at small concentrations is critical for efficient CMP operations. 

Structural damage on wafer surfaces can be classified as scratches, pits, 

delamination of film interfaces and introduction of chemical or particulate impurities 

42 
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[Ste97].  Among these, the major defects created by oversize particles are the formation 

of microscratches and pitting of the wafer [Sch95].  The importance of detecting the 

coarse fraction in CMP slurries has recently received added attention, as the reduction of 

surface defects has become more important due to the continuously decreasing size of 

microprocessors.  It has been shown that the static laser light scattering technique is 

capable of detecting the 1.0 µm particles in 0.4 µm size baseline slurry, and can be used 

to monitor the removal of the unwanted coarser size abrasive particles from the slurry 

[Poh96].  The impact of the slurry particle distribution on defects and the vulnerability of 

the post CMP cleaning process was studied by Nagahara et al using Accusizer 770 

[Nag96].  This instrument was found to be suitable for detecting the particles greater than 

one micron size.  A direct correlation was reported between the amount of the large slurry 

particles and the particles remaining on the wafer.  In another study, the sensitivity of 

acoustic spectroscopy technique was investigated by Dukhin and Goetz for detecting the 

coarser particles in a fine particle size slurry [Duk98].  They reported that the detection 

limit can be as low as a single 1.0 µm particle per 100,000 particles of 0.1µm size.  

However, no quantitative results were presented to establish the impact of coarser 

particles on polishing performance at the established detection limits. 

In this chapter, results of a study on establishing the limits of a static light 

scattering technique in detecting a small number of larger particles in a commercial CMP 

slurry are presented.  Simultaneously, the chemical mechanical polishing responses of the 

wafers polished with the slurries containing hard agglomerates at the established 

detection limits are discussed in terms of surface topography changes, defect formation 

and material removal rate responses. 
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Experimental 

Particle size analyses were conducted by using Coulter LS 230 static light 

scattering instrument with a small volume module.  Rodel 1200 commercial fumed silica 

slurry with a mean particle size of 0.14 µm was used as the baseline CMP slurry 

(supplied by Rodel Inc.).  This slurry was spiked with sol-gel silica particles of 0.5, 1.0 

and 1.5 µm sizes that were obtained from Geltech Corporation. 

To establish the detection limits of light scattering technique, 20 ml slurries of 

Geltech silica particles were prepared at 5 wt% solids at pH 10.5 using the Rodel 1200 

slurry supernatant to preserve the original chemical composition of the baseline slurry.  

The baseline Rodel 1200 slurry was also diluted from 12 wt% to 5wt % solids 

concentration using its own supernatant.  The mean particle size of the baseline slurry 

was found to be the same after dilution.  The Geltech sol-gel silica slurries were sonicated 

for 40 to 60 minutes in an ulrasonic bath until all the agglomerates were broken and the 

mean particle size matched with the particle sizes observed by SEM analysis.  The 

coarser size Geltech particles were mixed with the baseline slurry using a microliter 

syringe at a total volume of 500 microliter.  The spiked slurries were sonicated for an 

additional 15 minutes and then fed into the analyzer.  The measurements were conducted 

by using pH adjusted water (pH=10.5) in Coulter LS 230 to prevent the agglomeration of 

particles during the measurements. 

The polishing tests were performed on p-type silicon wafers on which a 2 µm 

thick SiO2 layer had been plasma enhanced chemical vapor deposited (PECVD) (supplied 

by Silicon Quest International).  The 8-inch wafers were cut to square samples of 1.0 x 

1.0 inch square and Struers Rotopol 31 tabletop polisher was used for polishing with IC 
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1000/Suba IV stacked pads supplied by Rodel Inc.  The Struers Rotopol 31 tabletop 

polisher has the advantage of studying the polishing performance of a selected system in 

detail with minimal expense.  This system is capable of simulating the real CMP 

applications and determining the material removal rate, surface quality, planarization and 

uniformity responses. A grid-abrade diamond pad conditioner was utilized to abrade the 

pad before conducting each polishing test.  The downforce was 7.0 psi (492 g/cm2) and 

the rotation speed was 150 rpm both for the pad and the wafer.  The thickness of the 

oxide film on the wafers was measured via spectroscopic ellipsometry method before and 

after the polishing to calculate the removal rate.  The slurry flow rate was 100 ml/min.  

The polishing tests were conducted with 50 ml slurries for 30 seconds at a solids 

concentration of 12 wt%.  Atomic Force Microscopy (AFM) technique was used for the 

surface roughness and deformation analysis of the polished wafers.  A minimum of four 

polishing tests were conducted for all conditions and five 10 µm x 10 µm size images 

were taken on each polished wafer to evaluate the root mean square (RMS) surface 

roughness and maximum surface deformation (maximum depth of scratches or pits on the 

surface, Rmax) responses. 

Results and Discussion 

Detection of Coarser Particles in CMP Slurries 

The limits of static light scattering technique in detecting a small amount of 

coarse particles in CMP slurries were established using two different methods.  The first 

method was based on detecting a shift in the mean diameter and size distribution curve of 

the baseline slurry, as it was gradually spiked with increasing concentration of the larger 

size particles.  The mean size of the spiked slurries increased with increasing number of 

the coarser particles.  However, until a critical concentration of coarser sizes was added 
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in the baseline slurry, the change in mean size was not statistically significant.  When the 

critical concentration was reached, both mean diameter and size distribution curve of the 

spiked slurries were observed to shift significantly.  Therefore, this particular 

concentration of the coarser particles was set as the “curve shift detection limit”.  The 

second method was based on the appearance of a second peak at the size range of the 

spiked particles.  Above a certain concentration of the spiked coarser particles, the 

Coulter LS 230 software started to fit the data to a multimodel distribution, representing 

the coarser particles as an individual peak in addition to the peaks obtained with the 

original slurry.  The concentration of larger size particles required to form an extra peak 

was defined to be the “double peak detection limit”. 

 

Figure 3.1.  Particle size distributions for Rodel 1200 slurry spiked with Geltech 1.5µm 
particles [Bas00]. 
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Figure 3.1 shows the change in the particle size distribution of Rodel 1200 slurry 

as a function of Geltech 1.5 µm coarse particle addition.  The mean particle size of the 

Rodel slurry was 0.14 µm and it originally exhibited a bimodal distribution with the main 

peak at 0.1 µm and a second peak at 0.5 µm.  The analysis conducted on the Rodel slurry 

by using Accusizer 780, which is a number counting technique, also showed the presence 

of the larger particles.  It is suspected that the fused silica chains in the Rodel slurry 

entangle in non-spherical shapes and detected as larger particles due to the scattering 

through the longer dimension.  As the 1.5 µm Geltech particles were gradually added into 

the baseline Rodel slurry, a statistically significant shift of the mean particle size was 

observed at 0.2 wt% addition of the coarser fraction.  When the amount of coarser 

particles was increased further, an individual peak was detected at 1.5 µm size range at a  

Table 3.1.  Detection limits of Coulter LS 230 for Rodel 1200 slurry spiked with 0.5, 1.0  
and 1.5 µm Geltech particles. 
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concentration of 1.1 wt% representing the double peak detection limit.  Table 3.1 

summarizes the detection limits of Coulter LS 230 for the Rodel slurries spiked with 0.5, 

1.0 and 1.5 µm Geltech particles.  Since the original Rodel slurry had exhibited a peak at 

0.5 µm range, the second peak detection could not be established for the slurries spiked 

with 0.5 µm particles. 

It was observed that the sensitivity of coarse particle detection improved as the 

difference in the mean particle size of the baseline slurry and the spiked coarser particle 

size increased.  In addition, the curve shift method was able to detect the larger particles 

at relatively lower concentrations.  It was found that, one 1.5 µm particle for every 

460,000 Rodel particles (0.14 µm) can be detected using the curve shift detection limit.  

This ratio was 1:84,000 using double peak detection protocol.  However, the curve shift 

method can be used only if there is information available about the characteristics of the 

baseline slurry (such as mean particle size and standard deviation of the distribution). 

Surface Roughness and Critical Defect Analysis on the Wafer Surfaces in the 
Presence of Coarser Particles During CMP 

To examine the surface morphology and defect formation in the presence of 

coarser particles, polishing tests were conducted with the slurries prepared by mixing 

Geltech coarse particles into the baseline Rodel slurry at the established detection limits 

of the static light scattering technique.  Subsequently the polished wafer surfaces were 

analyzed with atomic force microscopy. 

Figure 3.2 shows the three-dimensional AFM pictures (5 µm x 5 µm) of the 

surfaces polished with the baseline Rodel 1200 slurry and the slurries spiked with 1.1 

wt% of 0.5 µm (statistical shift detection limit) and 1.5 µm (double peak detection limit) 

Geltech particles.  It is clearly seen in Figure 3.2 a that polishing with Rodel slurry 
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yielded acceptable polishing results.  The maximum depth of surface defects (Rmax) was 

less than 3nm and the RMS roughness was 0.5 nm.  However, the slurry spiked with 1.1 

wt% coarser particles, resulted in surface deformation, which increased with the 

increasing particle size.  Pitting and scratch formation was observed on the oxide film as 

 

Figure 3.2.  AFM pictures and cross sections for the wafers polished with Rodel 1200 
slurry before and after spiking with coarser size particles. (a) Rodel 1200 

baseline slurry; (b) Rodel 1200 slurry spiked with 1.1 wt% Geltech 0.5 µm 
particles; (c) Rodel 1200 slurry spiked with 1.1 wt% Geltech 1.5 µm particles 
[Bas00]. 
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seen on Figures 3.2 b and 3.2 c.  Rmax values reached 15 nm and 40 nm with 0.5 and 1.5 

µm size particles, respectively.  The formation of these defects may be explained by 

uneven distribution of the applied load on the abrasives due to the variation in size.  The 

larger particles are expected to carry more load than the smaller particles resulting their 

indentation on the wafer surface leading to defects. 

 Figure 3.3 shows the surface and cross-section analyses of the wafers polished 

with Rodel slurries spiked with 1.0 µm particles at curve shift (0.3wt%) and double peak 

      (a) 

(b) 
 

Figure 3.3.  Cross-section analysis for the wafer polished with spiked Rodel 1200 slurry. 
(a) Slurry spiked with 0.3 wt % Geltech 1.0 µm particles (statistical shift 
detection limit); (b) Slurry spiked with 1.3 wt% Geltech 1.0 µm particles 
(double peak detection limit) [Bas00]. 
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(1.3 wt%) detection limits.  The effects of increasing coarse particle concentration are 

evident in these pictures.  At 0.3 wt% concentration of 1.0 µm particles (Figure 3.3 a), the 

surface was relatively smooth but scratch formation was detected.  This can be attributed 

to the relatively higher pressure per particle at low concentrations (0.3 wt%) of coarse 

particles compared to the higher concentrations (1.3 wt%).  Due to the higher pressure 

applied on the particles, they tend to be embedded into the pad and the silica surface 

resulting in scratches as they slide on the wafer.  The calculations showed that the width 

of the detected scratch matched the dimensions of one that could be formed by a 1.0 µm 

particle at the measured depth.  As the concentration of 1.0 µm particles increased to 1.3 

wt% (Figure 3.3 b), the surface roughness increased and pitting type of deformations 

started.  It is suggested that as the pressure per particle is reduced by the increasing 

number concentration of the coarser particles, the abrasives perhaps started rolling on the 

wafer surface rather than sliding, as it will be discussed in detail in Chapter 6. 

Table 3.2 summarizes the quantitative results of the polishing tests.  It is clear that 

the surface roughness and the depth of surface defects (Rmax) increased with the 

increasing size and concentration of coarser particles in the spiked slurries.  The standard 

deviations of RMS roughness between similar samples were also greater at higher 

concentration of coarser particles, indicating higher overall surface damage.  In general, 

the presence of the coarser particles resulted in a significant increase in the surface 

roughness and surface defects on the wafer surfaces. 

Material Removal Rate Response in the Presence of Coarser Particles 

The removal rates obtained with and without spiking the Rodel slurry with the larger 

particles are presented in Figure 3.4.  The oxide removal rate of the baseline Rodel1200  
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Table 3.2.  Summary of the polishing results for the Rodel 1200 slurry spiked with 0.5, 
1.0 and 1.5 µm Geltech silica particles at the established detection limits of 
Coulter LS 230. 

 

 

slurry was measured to be 10,000 Å/min.  As the coarser particles were spiked into the 

Rodel slurry, the removal rate decreased, except for the slurries spiked with 1.5 µm 

particles at 1.1 wt% concentration for which the removal rate was 10,300 Å /min.  Table 

3.2 also summarizes the material removal (polishing) rates. 

The variation in the material removal rates can be explained based on the changes 

in particle-substrate interactions in the presence of hard agglomerates.  In the previous 

chapter, dependence of material removal on the total abrasive contact area and 

indentation volume was explained in detail based on two mechanisms [Bie98].  Briefly, 

the total contact area mechanism is thought to enhance the chemical activity on the 

surface due to the interactions between the abrasives and film [Izu79, Nog84, Tro94, 

Tom94].  The total area of contact will increase with the increasing particulate 

concentration and decreasing particle size.  The indentation-based mechanism, on the  
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Figure 3.4.  Polishing rates for the baseline and spiked Rodel 1200 slurries [Bas00]. 

other hand, explains the material removal via particle indentations.  This creates more 

mechanical removal and the total indent volume increases as the pressure per particle 

increases by decreasing the number concentration of particles or increasing the particle 

size.  Overall polishing is believed to be governed by a combination of these two 

mechanisms. 

Figure 3.5 schematically depicts the proposed mechanism of material removal for 

the slurries spiked with the coarser particles based on the interplay between the contact 

area and indentation mechanisms.  It is suggested that the coarser particles act like pillars 

and tend to hold the wafer away from the pad surface reducing the interaction of smaller 
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size Rodel particles with the substrate.  Therefore, although the larger size particles tend 

to indent the surface more due to the higher load applied, the material removal rate 

decreases due to the decreased total contact area by the reduced number of effective 

abrasive particles contacting the surface.  As given in Table 3.2, the depth of surface 

defects increases with the increasing size of the spiked hard particles perhaps due to the 

higher pressure per particle as the size of the hard agglomerates increased.  However, at a 

particular population of larger particles, as observed with 1.5 µm particles at 1.1 wt% 

concentration, the material removal rate approaches the baseline polishing rate suggesting  

 
Figure 3.5.  Change in polishing mechanism for the Rodel slurries spiked with Geltech 

coarser particles [Bas00]. 
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that sufficient contact area combined with particle indentation was reached.  Yet, the 

critical surface damage occurring under these conditions (as seen on Figure 3.2 c) 

indicates that this is not an optimal size distribution for the CMP slurries. 

Summary 

The limits of light scattering technique in detecting a small number of coarser 

particles in a commercial CMP slurry were established using the Coulter LS 230 particle 

size analyzer.  The results showed that the detection limits of light scattering technique 

could be as low as parts per million level (two 1.5 µm particles for a million 0.14 µm 

Rodel 1200 particles) using the statistical shift method.  The double peak detection 

method on the other hand, was able to detect the coarser particles (5 to 10 times larger 

than the base slurry particles) at approximately 1 wt% concentration of the total solids in 

the slurry (one 1.5 µm and five 1.0 µm particles for one hundred thousand of Rodel 1200 

particles). 

The results of the polishing tests showed that the presence of coarser particles 

tend to create critical defects on the oxide film and change the polishing mechanism.  The 

surface damage increased with the increased size and concentration of the coarser 

particles added to the baseline slurry.  It was also observed that the polishing mechanism 

may vary based on the size and the concentration of the coarser particles.  These findings 

are in agreement with the previous studies.  Therefore, there is a critical need to detect the 

coarser particles at much lower concentrations, and their removal from the CMP slurries 

is necessary for obtaining optimal polishing results. 

The coarser particles in the slurries may also present due to the agglomeration of 

the primary slurry particles during polishing.  In the following chapter, the impact of 
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transient (soft) agglomerates on polishing performance is investigated to obtain a 

complete understanding on the reasons for defect formation during CMP operations. 

 

 
 

 



 

CHAPTER 4 
FORMATION AND IMPACT OF SOFT AGGLOMERATES IN CMP 

Introduction 

In Chapter 3 it was demonstrated that the contamination of a commercial CMP 

slurry with 1 wt% larger size spherical particles (hard agglomerates) resulted in increased 

surface roughness and higher number of surface defects [Bas00].  Their presence also 

changed the material removal rate response.  To remove coarser particles, filtration of 

CMP slurries is commonly practiced.  Nevertheless, even after filtering the slurries, the 

defect counts on the polished surfaces were observed to be higher than desired [Ewa99].  

It has been speculated that some of the defects are caused by the transient soft 

agglomerate formation (agglomeration of the primary size abrasive particles) in the CMP 

slurries.  Indeed, it was reported previously that the commercial CMP slurries tend to 

coagulate and partially disperse during the polishing process, confirming the presence of 

transient agglomerates [Cab00]. 

In this part of the dissertation, a systematic study was conducted on silica-silica 

polishing to investigate the effects of transient (soft) agglomerates on the polishing 

performance.  To generate soft agglomerates, a part of the 0.2 µm monosize silica slurry 

(at pH 10.5) was substituted with dry aggregated, polymer flocculated and salt coagulated 

fractions.  The performances of the slurries were evaluated based on the material removal 

rate and surface quality analyses conducted on the polished wafers.  Simultaneously, the 

changes in slurry particle size distribution during polishing were monitored.  
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Experimental 

To study the role of soft agglomerates on polishing efficiency, 0.2 µm monosize 

sol-gel silica powder obtained from Geltech Corporation was used to prepare the baseline 

slurry.  The pH was adjusted to 10.5 and the solids concentration was kept at 12 wt% for 

all the slurries.  To stabilize the baseline slurry, dry silica powder was ultrasonicated in 

deionized water while maintaining the pH at 10.5 with NaOH addition.  Preparation of 

the slurries from a dry powder was necessary to enable the control of system chemistry 

while making modifications to generate some of the aggregates. 

Three techniques were used to prepare slurries containing soft agglomerates.  

Initially, dry aggregates were left partially undispersed in the baseline slurries by 

controlling the ultrasonication during the slurry preparation.  The dry aggregates may 

form during mixing of the slurries prior to polishing.  In the second method, well-

dispersed baseline silica slurry was flocculated using 0.5 mg/g, 8,000,000 molecular 

weight polyethylene oxide (PEO) polymer.  To obtain homogeneously flocculated 

slurries, the slurry samples were stirred gently in 60-ml bottles and size analyses were 

conducted as a function of time.  In the beginning, slurries were found to be highly 

flocculated and inhomogeneous.  After 30 minutes of stirring, more homogeneous 

slurries were obtained with a main peak at 0.2 µm and a second peak at 5-10 µm size 

range.  As the stirring continued, a monosized well-dispersed slurry was achieved after 

two hours of agitation and its size distribution curve overlapped with the baseline slurry.  

It was reported in the past investigations that 8,000,000 MW PEO adsorbs onto sol-gel 

silica surface at pH 9.5 [Mat96].  Therefore, it is suggested that initially the abrasive 

silica particles were flocculated by the bridging mechanism, followed by breaking 
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Figure 4.1.  Particle size distribution of the baseline and soft agglomerated slurries.  The 
soft agglomerates were prepared by dry aggregation, polymer flocculation 
and salt coagulation methods at 5-10 µm size range [Bas02]. 

polymer bridges during the stirring action.  Finally, in the third method, NaCl salt was 

added to the slurries at 0.2, 0.4 and 0.6 molar concentrations to form coagulates. 

Particle size analyses of the slurries were conducted by Coulter LS 230 instrument 

utilizing light scattering technique with small volume module.  The background water 

used to run the size analysis was prepared to have the same chemical composition as the 

modified slurries.  Figure 4.1 shows the size distribution curves of the baseline, dry 

aggregated, polymer flocculated and salt coagulated slurries as a function of differential 

volume.  It can be seen that the baseline polishing slurry had a narrow, unimodal particle 

size distribution with a mean size of 0.2 µm.  Slurries containing soft agglomerates, on  
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Table 4.1. Slurry performance summary in the presence of soft agglomerates. 
 

 
the other hand, exhibited bimodal particle size distributions with a second peak at 5-10 

µm size range.  Polishing tests were performed using the slurries containing the soft 

agglomerates using the procedure described in the previous chapter. 

Results and Discussion 

Effect of Dry Aggregates 

Table 4.1 summarizes the performance of partially dispersed/agglomerated 

slurries in terms of material removal rate, surface roughness (RMS) and maximum depth  

of surface defects (scratches or pitting) (Rmax) response.  For the baseline polishing, 

material removal rate was 3800 Å/min and the surface roughness was 0.85 nm with 25 
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nm of maximum surface deformation.  Figure 4.2 a shows the AFM image of the silica 

wafer polished with the baseline slurry.  The wafer surface was smooth with minimal 

deformations.  When dry aggregates were present in the polishing slurries, the mean 

particle size increased to 0.77 µm from the original size of 0.2 µm.  In the presence of dry 

aggregates, material removal rate was 4300 Å/min indicating a trend towards increased 

removal.  The surface quality, on the other hand, degraded significantly as seen in Figure 

4.2 b.  Surface roughness value increased to 2.66 nm and the maximum surface 

deformation was detected to be 65 nm as given in Table 4.1.  These results demonstrate 

the adverse effect of the dry aggregates on the polishing process. 

The higher magnitude of the attractive van der Waals interactions between the dry 

silica particles compared to the silica particles dispersed in a solution can lead to 

formation of relatively rigid agglomerates in the dry state [Isr92].  As a result, the 

aggregates of dry powders are believed to be the most rigid transient agglomerates among 

the ones studied in this investigation.  During the CMP applications, dry aggregates are 

expected to sustain most of the applied load since their size is larger than the primary 

slurry abrasives.  Therefore, they are exposed to high download during polishing that  

 

 

 (a)  Baseline      (b)  Dry aggregates 

Figure 4.2.  AFM images of the silica wafers after CMP.  (a)  Baseline 0.2 µm 12 wt% 
monosize silica slurry;  (b) Slurry with dry aggregates [Bas02]. 
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may result in their breakage.  Indeed, the particle size analysis of the slurries collected 

from the pad after polishing with dry aggregated slurries showed a shift towards 

increased volume of primary size abrasives.  Yet, while breaking, they may result in 

strong mechanical abrasion (indent) on the wafer surface due to their rigidity.  It was 

observed in previous studies that the mechanically driven material removal created 

significant surface deformations during polishing similar to the damage created by the 

dry aggregates [Mah00]. 

Effect of Polymer Mediated Soft Agglomerates (Flocs) 

Polishing tests were conducted using the slurries containing PEO with and 

without the flocculated agglomerates.  It can be seen in Figure 4.3 a that the flocculated 

slurries (mean particle size of 5.82 ± 0.67 µm) resulted in severe surface deformations 

during polishing with a material removal rate of 3680 Å/min as compared to the baseline 

rate of 3800 Å/min.  The surface roughness value increased to 1.14 nm, Rmax was found 

to be 45 nm in the presence of flocs.  Similar to the dry aggregation case, the flocs are 

believed to break during the polishing operation under the applied normal and shear  

 

 (a)  Flocculated with PEO   (b)  Dispersed with PEO 

Figure 4.3.  AFM images of the silica wafers after CMP.  (a) Slurry flocculated using 0.5 
mg/g PEO; (b) Slurry dispersed in the presence of 0.5 mg/g PEO [Bas02]. 
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Figure 4.4.  Particle size distribution of the baseline and polymer flocculated slurries.  
The size distribution of the flocculated slurries shifted down after polishing.  
Slurries stirred long enough in the presence of PEO dispersed to the original 
size distribution of the baseline slurry [Bas02]. 

forces since the size distribution of the slurries collected from the pad after polishing 

shifted downwards as can be seen in Figure 4.4.  Considering the flocs are made of well-

dispersed particles bridged with the polymer chains, their formation should involve more 

flexible bonds compared to dry adhesion case.  Therefore, the rigidity of the polymer 

flocs is believed to be much less relative to the dry aggregates and they are expected to 

deform between the pad and wafer surfaces more easily.  This may explain the reduced 

surface deformation value obtained in the presence of flocs (45 nm) as compared to the 

dry aggregation case (65 nm). 
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Figure 4.3 b shows the AFM image of the silica wafer polished with the slurry 

stabilized in the presence of 0.5mg/g PEO.  There were no flocs detected in this slurry 

and its size distribution curve overlapped with the baseline slurry as shown in Figure 4.3.  

The surface quality of the wafers polished with this slurry was comparable to the baseline 

polishing result.  The material removal rate on the other hand, decreased to 3090 Å/min 

from the baseline value of 3800 Å/min.  This result can be explained based on the 

possible lubrication of the particle and substrate surfaces by the polymer adsorption 

[Kle94].  For the slurries that are stable in the presence of PEO, each abrasive particle is 

expected to be surrounded by the polymer molecules. Therefore, the abrasive particles 

can be effectively and uniformly lubricated resulting in lower material removal rate but 

much better surface quality. 

To determine the change in the frictional force with the addition of PEO, AFM 

measurements were conducted by attaching a 7.3 µm silica particle to the AFM tip. These 

measurements were performed under baseline conditions and with 5mg/g PEO solution.  

The frictional force (FF) was measured between the abrasive particle attached to the AFM 

tip and the silica wafer surface as a function of the normal force (FN) applied to the tip. 

The friction coefficient (µ) was calculated from the slope of the curve based on 

Amonton’s law (Equation 4.1). 

FF = µ FN    (4.1) 

Figure 4.5 shows the AFM friction coefficient measurement in the absence and 

presence of PEO at a single-particle substrate interaction level.  It can be seen that the 

addition of PEO resulted in a decrease in the friction. coefficient (0.12) as compared to 

the baseline value of 0.25.  The observed decrease in the friction force in the presence of 

 



65 

 
Figure 4.5.  AFM friction coefficient measurements for the baseline and PEO containing 

solutions [Bas02]. 

PEO indicates the lubrication effect of the polymer.   In agreement with this 

finding, the boundary lubrication studies using atomic force/friction microscopy 

technique have shown that the coefficient of friction of the Si(100) sample lubricated 

with polymeric lubricants (Z-15 and Z-DOL perfluoropolyether) was lower than that of 

unlubricated sample [Bhu95a].  A similar trend was also reported for tungsten polishing 

in the presence of surfactants [Bie99].  When the alumina particles in the polishing 

slurries were stabilized using a mixed surfactant system (anionic and nonionic), 30 % less 

material removal rate was reported than without the presence of surfactants, however, 

yielding a much better surface quality. 
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Effect of Salt Coagulated Agglomerates 

To delineate the effect of salt coagulated agglomerates on polishing performance, 

NaCl was added to well-dispersed baseline slurries.  NaCl was selected in this 

investigation since it was reported in the literature that Na salts could coagulate the silica 

suspensions [Ile79].  The critical coagulation concentration (CCC) of NaCl for 12 wt.% 

silica slurries at pH 10.5 was measured to be 0.25 M by conducting size analyses of the 

slurry as a function of salt concentration.  Accordingly, three different salt concentrations 

were selected starting with 0.2 M, which is below CCC and 0.4 and 0.6 M concentrations 

above CCC. 

Figure 4.6 illustrates the particle size distribution analysis for the salt coagulated 

slurries.  0.2 M NaCl addition did not result in coagulation and the mean particle size of 

the polishing slurry remained to be 0.2 µm.  When the polishing tests were conducted at 

this salt concentration, the surface roughness of the polished wafer was comparable to the 

baseline polishing (0.86 nm) as can be seen in Figure 4.7 a.  The Rmax value, on the other 

hand, increased to 50 nm from the baseline value of 25 nm.  The material removal rate 

response also showed a significant increase in the presence of 0.2 M NaCl.  A value of 

4650 Å/min was obtained as compared to the 3800 Å/min for the baseline polishing.  The 

increase in the material removal rate can be explained based on two phenomena.  First, it 

is well known that both the silica wafer and the silica abrasive particles exhibit negative 

potential at 10.5 pH (ζ-potential of –65 mV at pH 10.5) leading to strong repulsive 

forces.  To accomplish polishing, these repulsive forces must be overcome.  As the ionic 

strength of the solution is increased, charges on the silica surface decreased lowering the 

repulsion [Isr92].  The decrease in the extent of the repulsive electrostatic forces was also 
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Figure 4.6.  Particle size distribution of the baseline and salt coagulated slurries.  The size 
distribution of the slurry with 0.2 M NaCl did not change significantly. 
Addition of 0.6 M NaCl coagulated the slurry.  Size distribution of the 0.6 M 
NaCl slurry before and after polishing remained the same [Bas02]. 

reported between a silica particle and silica plate at increasing salt concentrations using 

AFM technique [Raj97].  The enhanced particle-surface interactions in the presence of 

salt may lead to more effective mechanical abrasion yielding higher material removal 

rate.  Similarly, the surface of the polishing pad was also reported to exhibit a high 

negative potential (ζ-potential -25mV) at high pH, suggesting that there are also repulsive 

forces between the pad and the wafer to be polished [Mah99a].  As the ionic strength of 

the solution is increased by the addition of salt, the screening of the charges enables 

closer contact between the pad and the wafer surface.  This phenomenon was shown to 
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increase the frictional forces between the pad and the wafer surface by in-situ dynamic 

force measurements [Mah99a, Mah99b].  Consequently, the pad-surface interactions 

could also favor increased material removal in the presence of salt.  The second 

explanation for increase in the material removal rate with salt addition relates to the 

changes in surface potential.  In water, silica dissolves due to the attack of the negatively 

charged non-bridging oxygen atom by the solvated hydrogen ion (H3O+) [Bud61].  As the 

solution pH is increased, silica dissolution rate increases since the OH- ions create excess 

of electrons resulting in higher negative surface potential and consequently more attack 

by H3O+.  The complete dissociation of surface groups is achieved, when the overall rate 

constant of dissolution (k+) reaches the limiting value of 10-8.25 mol m-2 s-1 [Vog99]. 

Similarly, silica dissolution has been shown to increase at high ionic strengths due to the 

increase in the surface charges by the salt addition.  The complete dissociation of the 

surface sites is achieved at lower pH values in the presence of salt as compared to the salt 

free solutions [Hou92, Dov92].  In other words, at high ionic strengths, silica surface 

behaves as if it is in a higher pH environment than the actual solution pH. 

The increase in the maximum surface deformation with the addition of salt can 

also be related to the increasing frictional forces.  Additionally, it is suggested that some 

transient agglomerates may be forming during polishing in the presence of 0.2 M NaCl.  

Theoretical calculations based on the constant charge assumption show that the 

magnitude of repulsive force barrier in the presence of 0.2 M NaCl is 167 kT as 

compared to 720 kT in the absence of salt.  Thus, transient agglomerates may form in the 

presence of 0.2 M NaCl due to enhanced particle-particle interactions, when local 

variations occur in the particle concentration under the dynamic polishing conditions.  
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However, no such agglomerates were detected by the size measurements conducted with 

Coulter LS 230. 

As the salt concentration of the polishing slurries increased to 0.4 and 0.6 M, the 

slurries coagulated irreversibly.  The mean particle size of the 0.4 M and 0.6 M NaCl 

containing slurries were measured to be 1.3 and 3.6 µm, respectively.  Figure 4.6 shows 

the size distribution of the 0.6 M NaCl containing slurry before and after polishing.  Both 

curves are almost identical showing bimodal distributions with a first peak around 0.2 µm 

and a second peak at 5-10 µm size ranges.  This observation indicated that the abrasive 

particles coagulate at high ionic strengths and even if they break during polishing under 

the applied shear and normal forces, they perhaps coagulate back as the pressure is 

released. 

AFM analysis conducted on the wafers polished with high ionic strength slurries 

showed significant degradation in the quality of the polished surfaces suggesting the 

adverse effects of the salt mediated aggregates (coagulates).  Figure 4.7 b demonstrates 

the AFM image of the wafer polished with 0.6 M NaCl containing slurry.  The surface 

roughness was measured to be 2.76 nm and maximum surface deformation increased to 

 

 (a)  0.2 M NaCl     (b)  0.6 M NaCl 

Figure 4.7.  AFM images of the silica wafers after CMP.  (a) Polished with 0.2 M NaCl 
containing slurry;  (b)  polished with 0.6 M NaCl containing slurry [Bas02]. 
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120 nm.  The significant increase in surface roughness is suggested to be due to the 

presence of stable agglomerates in the slurries at high ionic strengths.  The material 

removal rate increased with the increase in salt concentration as summarized in Table 4.1.  

A similar observation was reported on silica CMP by Mahajan et al [Mah99a].  As 

explained previously, this phenomenon is believed to be occurring due to the closer pad-

particle-substrate interactions by the reduced repulsive force barrier, and also as a result 

of the enhanced silica dissolution due to the faster saturation of the surface sites.  These 

analyses indicate that salt addition can significantly enhance the material removal rate but 

results in major surface deformations. 

Summary 

In this chapter effects of soft agglomerates (aggregates of the primary size 

abrasive particles) on CMP slurry performance were reported.  The surface quality of the 

polished wafers degraded significantly when soft agglomerates were present in the 

slurries.  The magnitude of surface defects changed depending on the rigidity of the 

agglomerates.  A small amount of relatively harder dry aggregates deteriorated the 

performance of CMP surface quite dramatically, similar to the situation with a few 

coarser particles present in an otherwise dispersed slurry.  Presence of relatively softer 

flocs and coagulates also produced undesirable surface effects, though at a much higher 

concentration of aggregated particles.  The material removal rate response, on the other 

hand, was observed to be controlled by the extent of the pad-particle-surface interactions 

that impact the magnitude of the frictional forces enabling abrasion and material removal.  

These observations indicate that to design optimally performing CMP slurries, 

interparticle and pad-particle-surface interaction forces must be controlled.  In addition, it 

was demonstrated that not only the coarse (hard) particles, but also the soft agglomerates 
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of the primary abrasive particles must be avoided in the polishing slurries to ensure 

acceptable surface quality.  This finding underlines the importance of developing robust 

dispersion schemes for the CMP slurries.  Dispersion of the particulate systems under the 

severe environments of the CMP process will be discussed in the following chapter. 

 

 

 

 



 

CHAPTER 5 
STABILIZATION OF CMP SLURRIES BY CONTROLLING INTERACTION 

FORCES 

Introduction 

In the previous chapter, it has been shown that even soft agglomerates result in 

significant surface scratching and pitting during CMP.  Transient soft agglomerates may 

form in the slurries due to the local variations in the abrasive concentration, ionic strength 

or pH as the particles are exposed to the polishing process.  Therefore, it is critical to 

design robust dispersion schemes for the CMP slurries, which will remain fully stable 

under extreme pH and ionic strength as well as the dynamic processing conditions (high 

normal and shear forces) encountered during polishing. 

Most of the commonly used dispersion techniques, such as the electrostatic 

stabilization, inorganic dispersant addition or polymeric dispersion, may not perform 

adequately under the severe environments of CMP [Adl00].  Alternatively, surfactants 

are known to stabilize particulate suspensions at high electrolyte concentrations by 

forming self-assembled structures at the solid-liquid interface [Col97, Sil99, Koo99, 

Bre99, Eva96, Pal00].  Specifically, it was determined in our research laboratory that 

self-assembled structures of C12TAB (cetyl trimethyl ammonium bromide), a cationic 

surfactant, provided stability to silica suspensions at high ionic strength and extreme pH 

by introducing a repulsive force barrier [Adl00, Sin01].  In this chapter, stabilization of 

the silica CMP slurry at high pH and salt concentration is discussed by studying the 

particle-particle and particle-substrate interactions. 
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Experimental 

The baseline polishing slurries were prepared using 0.2 µm monosize sol-gel 

silica powder at 12 wt% concentration as detailed in Chapter 4.  To simulate the extreme 

CMP slurry environment, 0.6 M NaCl or 0.24 M CaCl2 salt was added to the baseline 

slurry, which resulted in coagulation of the abrasive particles.  Under these conditions, 

CnTAB (n=8, 10, 12) surfactant was added to the suspensions.  Particle size analysis of 

the slurries was conducted using Coulter LS 230 instrument utilizing light scattering 

technique with small volume module.  The background water used to run the size 

analysis was prepared to have the same chemical composition as the modified slurries.  

Polishing tests were conducted following the procedure outlined in Chapter 3. 

To measure the repulsive force barriers created by the self-assembled surfactant 

structures, a Digital Instruments Nanoscope III Atomic Force Microscope was used.  

Surfactant solutions were prepared at the same concentration and ionic strength as the 

polishing slurries and experiments were conducted in a liquid cell.  The p-type PECVD 

silica wafer was used as the substrate.  A 1.5 µm size silica particle was attached to the 

cantilever tip to simulate the silica-silica interactions in the CMP applications.  The 

normal force was measured as the substrate was moved towards and away from the 

particle by the motion of a piezoelectric scanner.  The deflection of the cantilever was 

monitored by a laser that reflects from the top of the cantilever onto a position sensitive 

photodiode [Duc92].  Maximum repulsive force was determined as the magnitude of the 

repulsion, just prior to the silica particle jumping into contact with the wafer surface 

[Adl00].  The same set-up was also used for measuring the friction forces at single 

particle-substrate interaction level utilizing AFM.  The lateral force was measured by 
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engaging a 7 µm silica particle (attached to the cantilever tip) to the wafer surface and 

sliding the substrate perpendicularly to the cantilever.  The particle was made to slide 

over a given location on the silica substrate by disabling the slow scan direction.  Figure 

5.1 schematically illustrates the method of friction force measurement by AFM 

technique.  The magnitude of the lateral friction force was determined from half the 

difference in the lateral detector signal in the forward and reverse directions.  By 

systematically increasing the applied load, friction force response was measured as a 

function of the normal force. 

The in-situ friction force measurements were conducted by mounting a lateral 

force measuring instrument to the Struers Rotopol 31 polisher (Figure 5.2).  Friction 

forces were measured at a 3.5 psi down pressure and 150 rpm platen speed.  The wafer 

size was 0.8 x 0.8 inch2 and an IC-1000 polishing pad was used similar to the one in the 

polishing experiments.  To measure the frictional forces, a Sensotec model load cell was  

 

 

Figure 5.1.  Schematic illustration of AFM force measurement technique. 

 



75 

 

Figure 5.2.  Schematic illustration of in-situ force measurement technique [Mah99a]. 

employed.  Its output was connected to a data acquisition system and data recorded every 

250 ms for a duration of 60 seconds [Mah99a]. 

To investigate the pad-substrate interactions as a function of applied head 

pressure, Fourier Transform Infrared Spectroscopy/Attenuated Total Internal Reflection 

Spectroscopy (FT-IR/ATR) technique was selected.  A nitrogen-purged Nicolet Magna 

760 spectrometer equipped with a DTGS detector was used to conduct FT-IR analysis.  

All the spectra were the results of 512 co-added scans at a resolution of 4 cm-1.  The 

background spectrum for all the experiments was the single-beam spectrum of the dry 

ZnSe crystal.  Figure 5.3 schematically represents the experimental set up.  A 

representative piece of pad sample (IC-1000) was placed on the (ZnSe) ATR crystal and 

loaded at 3.4, 5.4, 7.4, 9.4 and 11.4 psi pressure.  The intensities of the CH2 peaks of the 

polyurethane (polishing pad material) were recorded at 3000-2750 cm-1 wave number 

range by measuring the area under the detected peak.  Five spectra were collected at each 

pressure level.  To determine the percent pad contact area at a given pressure, intensity of 

a100% pad contact was measured.  To provide 100 % contact, a defect free pad sample 
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was prepared and its CH2 peak intensity was measured.  To make sure that it was in a 

complete contact with the ATR crystal, the peak intensity was detected as a function of 

applied load until the area under the peak remained constant with increased load.  To 

determine the download applied per a single abrasive, concentration of particles on the 

pad surface contacting the wafer surface was determined.  To calculate the number 

concentration of the particles, Scanning Electron Microscopy (SEM) images of the pad 

surface were taken after polishing. 

FTIR-ATR analyses were also conducted to compare the CTAB adsorption on 

silica as a function of slurry ionic strength.  A silicon ATR crystal with silica layer on the 

surface was used for this analysis, on which 256 co-added scans were collected at a 

resolution of 4 cm-1 for all the solution conditions.  The intensity of the CH2 peaks of the 

C12TAB surfactant (at 32 mM concentration) was recorded at 3000-2750 cm-1 

wavelength ranges.  The background spectrum was the single-beam spectrum of the dry 

silicon crystal with a silica layer on it.  The relative adsorption intensity was analyzed by 

comparing the peak heights of the obtained spectra. 

 

 

Figure 5.3.  Schematic representation of the FTIR-ATR technique used to measure the 
percent pad contact as a function of down load. 
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Results and Discussion 

Dispersion of CMP Slurries by Controlling Particle-Particle Interactions 

Stability of the silica suspensions in the presence of 0.1 M NaCl at pH 4 has been 

investigated previously in our laboratory as a function of the C12TAB surfactant 

concentration [Adl00, Sin01].  Increasing the surfactant concentration from zero to 50 

mM, a significant jump was recorded in the repulsive force barrier at a concentration 

range of 8 to 10 mM.  The coagulated silica suspension was also observed to stabilize at 

this critical concentration range.  This correlation between the repulsive force barrier and 

the slurry stability has been explained based on the formation of self-assembled 

surfactant structures at the solid-liquid interface [Man 94, Man 95, Adl00].  The 

separation distance, where the jump occurred was shown to match the size of the micelle 

confirming the presence of self-assembled aggregates at the solid/liquid interface 

[Aks96]. 

To study the stabilization of the silica CMP slurries in the presence of 0.6 M NaCl 

at pH 10.5, C12TAB surfactant was used at 1, 8 and 32 mM concentrations being below, 

at and above the transition concentration between the unstable and stable suspensions 

[Adl00, Sin01].  Initially, the baseline polishing slurry was stable due to the presence of 

high negative charges around the silica particles at pH 10.5.  However, CMP operations 

are conducted in the presence of reactive additives such as oxidizers and complexing 

agents, which results in slurry destabilization [Ste97].  Therefore, to simulate the severe 

environments of the CMP slurries, 0.6 M NaCl was added to the silica slurry resulting in 

coagulation by screening the surface charge.  As a result, the mean particle size of the 

slurry increased from 0.2 µm to 4.3 µm.  When 1mM C12TAB was added to the 

coagulated slurry, it remained unstable with a mean particle size of 4.8 µm.  However, at  
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Table 5.1.  Summary of polishing performance of the baseline (with and without NaCl), 
C12TAB and C8TAB mediated slurries in the presence of 0.6 M NaCl. 

 

 

8 mM C12TAB concentration, where a jump was observed in the repulsive force barrier 

due to the formation of the self-assembled surfactant aggregates, the silica slurry started 

to stabilize and the mean size decreased to 1.6 µm.  At 32 mM C12TAB concentration, the 

polishing slurry was completely stable (mean particle size 0.2 µm) since an adequate 

repulsive force barrier was reached under these conditions.   

Polishing experiments were conducted to evaluate the performance of the slurries 

stabilized in the presence of C12TAB surfactant.  Table 5.1 summarizes the stability and 

polishing performance for the C12TAB mediated slurries.  Surface quality response was 
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analyzed in terms of surface roughness and maximum depth of the surface defects (pits 

and scratches) by imaging the polished wafer surfaces using AFM.  Slurries containing 

0.6 M NaCl resulted in 2.7 nm surface roughness and 70 nm deep pitting as compared to 

0.85 nm and 35 nm obtained with the baseline slurry.  The poor surface quality in the 

presence of salt was due to the coagulation of the baseline slurry with the salt addition 

[Bas02].  Since the 1mM and 8mM C12TAB concentrations were not able to stabilize the 

slurries completely, surface quality was observed to be unacceptable at these 

concentrations.  However, when complete stabilization was reached with the addition of 

32 mM C12TAB, surface roughness reduced to 0.5 nm and the maximum surface depth of 

the pits was recorded to be only 20 nm. 

To evaluate the overall polishing performance, material removal rate response of 

the slurries was also measured simultaneously with the surface quality response.  

Addition of 0.6 M NaCl resulted in 7058 Å/min material removal rate as compared to the 

4300 Å/min with the baseline slurry due to the decreased electrostatic repulsion in system 

and attack of cations enhancing silica dissolution as discussed in detail in the previous 

chapter.  When 1mM C12TAB was added to the high ionic strength slurry, the material 

removal rate decreased to 5500 Å/min as compared to baseline result of 7058 Å/min in 

the presence of salt.  On the other hand, at 8 mM and 32 mM C12TAB concentrations, a 

negligible removal rate of only 88 and 66 Å/min was obtained, respectively.  This 

observation indicated that in stabilization of the CMP slurries, control of particle-particle 

interactions was necessary but not sufficient.  To design adequately performing slurries, 

particle-substrate interactions must also be analyzed when the slurry is chemically 

modified to achieve stabilization. 
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Control of Pad-Particle-Substrate Interactions for Surfactant Mediated Slurries 

Two reasons can be suggested for the negligible material removal in the presence 

of 8 and 32 mM C12TAB surfactants in the CMP slurries.  First, the high repulsive force 

barrier induced by the C12TAB self-aggregated structures may be preventing the particle-

surface engagement and hence resulting in a very low material removal rate.  Secondly, it 

is known that the presence of surfactants in the suspensions can result in lubrication 

between the abrasive and surface to be polished, decreasing the frictional forces [Bhu95b, 

Xia96].  Therefore, the addition of C12TAB in the polishing slurries at relatively high 

concentrations might have resulted in negligible material removal by reducing the 

frictional interactions required for polishing.  The concentration of C12TAB, where 

negligible material removal rate response was obtained (8 mM) coincided with the 

observation of the jump in the maximum repulsive force barrier.  Therefore, initially, the 

impact of cohesiveness of the surfactant aggregates on material removal was investigated. 

 

Figure 5.4.  Schematic representation of the particle-particle and particle-substrate 
interactions for the silica-silica polishing systems in the presence of self 
assembled surfactant aggregates. 
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Figure 5.5.  Maximum repulsive force response of C12TAB, C10TAB and C8TAB 
surfactants at 32, 68 and 140 mM concentrations in the presence of 0.6 M 
NaCl at pH 10.5 obtained with AFM using 1.5 µm particle attached to tip. 

Effect of self assembled surfactant aggregates on particle-substrate interactions 

Figure 5.4 schematically illustrates the suggested role of the surfactant aggregates 

in particle-particle and particle-substrate interactions.  Cohesiveness of the surface 

aggregates was observed to result in adequate repulsion between particles providing 

stability even at high ionic strength conditions.  However, it is also possible that these 

surface aggregates can prevent the particle-substrate engagement during the polishing 

process, resulting in minimal material removal rates.  To determine their impact on 

particle-substrate interactions, magnitude of the rigidity within the self-assembled 

 



82 

surfactant structures needed to be altered.  Previous investigations have demonstrated that 

this can be accomplished by decreasing the surfactant chain length [Adl00].  

Accordingly, the force barriers (a measure of the cohesiveness between surfactant 

molecules constituting the surface structures) of smaller chain length CTAB surfactants 

were measured by AFM.  Figure 5.5 shows the force barriers obtained with baseline 

(pH=10.5 with and without 0.6 M NaCl) and C12TAB, C10TAB and C8TAB surfactants at 

32, 68 and 140 mM concentrations (above CMC concentrations, at pH=10.5 with 0.6 M 

NaCl).  The magnitude of the repulsive force created on a 0.2 µm particle by C12TAB, 

C10TAB and C8TAB surfactants at the given concentrations were 6, 2.2 and 0 nN, 

respectively.  As it was expected, decreasing the chain length of the surfactant led to a 

smaller repulsive barrier.  The C8TAB surfactant did not exhibit a repulsive force barrier.  

Therefore, it was predicted that the slurries prepared with C8TAB should result in 

polishing.  To investigate this hypothesis, experiments were conducted with slurries 

containing 1 mM, 35 mM and 140 mM C8TAB (concentrations corresponded to 1, 8 and 

32 mM of C12TAB).  Slurry performance in the presence of C8TAB is summarized in 

Table 5.1.  Due to the lack of interparticle repulsion, none of the slurries prepared using 

this surfactant were stable.  Although, the material removal rates were high (5000-7000 

Å/min), the maximum surface deformation values were higher than desired due to 

presence of coagulates (50-60 nm).  With C10TAB surfactant addition, stability was 

reached at 68 mM concentration but the material removal rate remained at 650 Å/min, 

which was lower than the baseline value.  It was observed that the stability responses 

obtained as a function of surfactant chain length strongly correlated with the measured 

repulsive force values (a measure of the strength of the surfactant aggregates).  To 
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evaluate the impact of the repulsive force barrier on particle-substrate interactions, it was 

necessary to know if the surfactant structures were broken during polishing.  This 

required the determination of exact force applied on a single abrasive particle during 

CMP applications. 

Force per particle during polishing. 

To calculate the force applied per particle, it was necessary to determine (i) the 

wafer pad contact area at the operational pressure of 7 psi and (ii) the particle 

concentration at the pad surface interacting with the wafer.  The IC-1000 polishing pad 

has a porous surface as demonstrated in Chapter 2 (Figure 2.5).  Therefore, only some 

portion of it will be in contact with the wafer surface during polishing.  To determine the 

percent pad contact area as a function of the applied load, FTIR-ATR technique was used 

as detailed in the experimental section and illustrated in Figure 5.3.  The IR spectra of the 

pad sample was collected as a function of the applied load.  Figure 5.6 a shows the 

spectra obtained on the pad sample at downloads from 34 to 114 N, corresponding to 3.4 

to 11.4 psi pressure.  The signal intensity increased with the applied load indicating that 

more pad contact was achieved with the ATR crystal.  To obtain the percent pad 

coverage, same analyses were also conducted on a defect free piece of polyurethane, 

which is the material the pad is made of.  To achieve 100 % contact, the spectrum was 

collected on this piece also as a function of pressure.  It was observed that above 15 psi 

pressure, the intensity of the collected spectra remained the same indicating that the 

100% contact was reached (Figure 5.6 b).  Comparing the absorption values obtained 

with the porous polishing pad and the defect free pad surface (Figure 5.6 a and b), 

absorbance values show that the intensity of pad contact was much smaller relative to the. 
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Figure 5.6.  FTIR-ATR spectra for IC-1000 polishing pad. (a)  Porous  pad contact as a 
function of applied load; (b)  Pore free, 100 % pad contact as a function of 
applied load. 
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100% pad contact.  Indeed, when the percent pad contact was calculated as a function of 

applied head pressure, the values were calculated to vary between 0.25% to 0.5% in the 

selected pressure range (Figure 5.7).  At the operational pressure of 7 psi, the pad-wafer 

contact area was determined to be 0.33%.  Although this appeared to be a small value, it 

was in a good agreement with the literature findings, which predicted the pad contact area 

to vary between 0.05% (hard pad with elastic modulus value E=100 MPa) and 0.54% 

(soft pad with E=10 MPa) at 7psi [Yu94].  The elastic modulus value of the IC 1000 

polishing pad is predicted to be 30-40 MPa [Gun85, Tic99], which is in between the 

values reported for the hard and the soft pads.  In agreement, the experimentally 

determined percent contact area for IC-1000 pad (0.33%) is also in between the values 

reported for the hard and the soft pads (0.05-0.54 %).  These observations suggested that 

only a small portion of the pad was in contact with the wafer during polishing. 
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Figure 5.7.  Percent IC 1000 pad contact as a function of applied load. 
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Figure 5.8.  SEM image of the IC-1000 polishing pad surface after polishing with 0.2µm 
size 12 wt% polishing slurry, abrasive particles are seen on the pad surface. 

The second challenge was the determination of the number of particles on the pad 

surface in contact with the substrate at a given pressure.  In order to calculate the number 

concentration, a representative piece of pad sample was analyzed by Scanning Electron 

Microscopy (SEM) after polishing with the baseline slurry.  Figure 5.8 illustrates the 

SEM image of the pad surface, which was mostly coated by the 0.2 µm particles.  To 

determine the particle number concentration, 25 SEM images were collected and the area 

coated by the particles was quantified utilizing Image Pro optical analysis software.  The 

average number of particles in contact with the surface was found to be 42 x 106 per one 

inch square area.  Dividing the applied download (7 psi = 31.14 N/inch2) to the number of 
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particles, the load applied per particle was calculated to be 750 nN.  Since the measured 

force barriers for all the CTAB surfactants (0, 2.2 and 6 nN for chain lengths 8, 10 and 

12, respectively) were much smaller than the calculated load per particle, the self-

assembled CTAB aggregates were considered to be broken during the CMP applications.  

The minimum pressure per particle can be achieved when the pad area is totally coated 

by the abrasive particles at hexagonal close packed arrangement.  Even under this 

condition the load per particle was calculated to be 500 nN.  Furthermore, the impact of 

pressure on abrasive concentration was analyzed by imaging the pad surfaces polished at 

3.4 to 11.4 psi range.  The average number of particles did not change significantly with 

the change in pressure.  This was also concluded in the literature by in-situ monitoring of 

the slurry transport during CMP [Cop00].  Hence, it appeared that, strength of the 

surfactant aggregates was not the primary reason for the significant decrease in the 

material removal rates. 

Surface lubrication effect on particle-substrate interactions 

To investigate the impact of surface lubrication on material removal rate, 

frictional forces were measured at system level by utilizing in-situ frictional force 

measurement and by AFM at the single particle-wafer interaction level. 

In-situ friction force measurement 

Figure 5.9 compares the material removal rates obtained with the baseline (with 

and without NaCl) and surfactant mediated slurries (with 0.6 M NaCl) to the in-situ 

frictional force values.  A direct correlation was observed between the material removal 

rates and the measured frictional forces.  The baseline slurry without NaCl addition 

resulted in 3.4 N friction force, which increased to 7.2 N in the presence of 0.6 M NaCl.  

The highly coagulated C8TAB modified slurry (at 140 mM) also resulted in high 
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frictional forces (4.5 N), which polished at 5167 Å/min rate.  For the C10TAB (68 mM) 

and C12TAB (32 mM) mediated slurries, on the other hand, friction force decreased to 2 

N, which was ~4 times lower compared to the baseline value in the presence of 0.6 M 

NaCl.  Although this decrease agreed with the reduction in the material removal rates, it 

was not as significant as the ~10 times reduction for the C10TAB, and 100 times 

reduction for the C12TAB mediated slurries as compared to the polishing with 0.6 M 

NaCl containing slurry.  This inconsistency can be explained based on the fact that this 

technique does not only represent the particle substrate interactions, but the total 

frictional force in the polishing system, which is composed of the combined particle-

particle, pad-particle, particle-substrate and pad-substrate frictional interactions. 

 
Figure 5.9.  In-situ friction force and material removal rate responses of the baseline 

slurries (12 wt%, 0.2 µm primary particle size) and the slurries containing 
C12TAB, C10TAB and C8TAB surfactants at 32, 68 and 140 mM 
concentrations in the presence of 0.6 M NaCl at pH 10.5. 

 



89 

Friction force measurements with AFM 

In order to understand the surfactant lubrication effect on material removal rate at 

particle-wafer interaction level, AFM friction force measurements were conducted.  A 

silica particle attached to the cantilever tip was made to raster on the silica wafer surface 

in the presence of surfactants to simulate the single particle-wafer interaction.  Figure 

5.10 a shows the lateral versus normal force response of the baseline (pH=10.5) and 

surfactant mediated solutions without salt addition (140, 68 and 32 mM, C8TAB, C10TAB 

and C12TAB).  It can be seen that for baseline solution, frictional forces increased with 

the increasing normal forces.  On the other hand, in the absence of salt, all the surfactant 

mediated slurries resulted in minimal friction.  Indeed, when polishing experiments were 

conducted at the given concentrations of these surfactants in the absence of NaCl, the 

material removal rate values were observed to be negligible for all the chain lengths (61, 

53 and 56 Å/min for C8TAB, C10TAB and C12TAB, respectively).  This result indicated 

that at any chain length, CTAB surfactant was able to form a lubrication layer in the 

absence of salt.  Consequently, minimal particle-surface interactions occurred for these 

systems resulting in negligible material removal.  It is also important to note that all the 

slurries were stable without salt addition. 

The polishing results in the presence of 0.6 M NaCl, however, showed an increase 

in the material removal with decreasing chain length of the surfactant (66, 650 and 6167 

Å/min for C12TAB, C10TAB and C8TAB, respectively).  When AFM friction force 

measurements were conducted in the presence of salt, an interesting behavior was 

observed.  It can be seen in Figure 5.10 b that, C8TAB and C10TAB mediated solutions 

started to exhibit higher friction values above750 nN.  This type of a behavior was also  
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Figure 5.10.  AFM friction force measurements on silica wafer with 7µm size particle 
attached to the tip. (a) Solutions containing C12TAB, C10TAB and C8TAB 
surfactants at 32, 68 and 140mM concentrations without NaCl at pH 10.5; 
(b) In the presence of 0.6 M salt in the solution 
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observed on the mica surfaces modified with 2, 5, 7 and17 chain lengths alkylsilanes 

[Xia96].  It appears that the lubricating surfactant layer is desorbed/destroyed beyond a 

certain loading force.  In the absence of salt, all the surfactants, regardless of the chain 

length, form a compact adhesion layer due to the electrostatic interaction between the 

negatively charged silica surface and positively charged surfactant head group.  However, 

addition of salt resulted in competitive adsorption of the salt molecules, weakening the 

adsorbed surfactant and hence possibly desorption of surfactant lubrication layers beyond 

a certain applied load [Che92].  The impact of competitive adsorption of the salt 

molecules was less effective on the longer chain length surfactants, perhaps due to their 

ability to form more densely packed and well-ordered layers [Xia96].  As the length of 

the hydrocarbon chain increases, the lateral interactions between the hydrocarbon chains 

become more pronounced resulting in formation of more compact layers.  In addition, the 

driving force leading the surfactant to the substrate surface also increases with the 

increased chain length, resulting in denser adsorption of the surfactant [Cle99].  Thus, it 

is possible that NaCl addition does not affect the lubrication layers created by C12TAB 

mediated slurries to the same extend as surfactants with shorter chain lengths as seen in 

Figure 5.10 b.  Accordingly, C12TAB yielded negligible material removal of 66 Å/min, 

whereas the shorter chain length C10TAB surfactant, resulted in material removal of 650 

Å/min indicating that the silica particles were able to engage with the silica wafer surface 

up to some extend due to the removal of the surfactant.  Finally, C8TAB mediated slurries 

also showed an increase in the frictional forces at single particle-surface interaction level, 

suggesting that they as well should polish the silica surface.  However, the significantly 

high removal rate for the C8TAB mediated slurries (5167 Å/min) should be attributed not 
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only to easier removal of the loosely packed 8-carbon chain surfactant layer but also to 

the coagulation of the particulates in the absence of a repulsive force barrier for C8TAB 

at 0.6 M salt concentration. 

Modification of the Interaction Forces by Calcium Addition 

It is indicated in the previous section that ability of the adsorbed surfactant to 

form a lubricating layer is adversely affected by Na+ addition to the system.  The Na+ 

ions tend to approach the negatively charged silica surface at high pH values due to 

electrostatic interactions [Bud61].  Furthermore, it has been shown that in the case of 

silica, stability constants characterizing the intensity of interaction between surface 

hydroxyl and the cation increases with the increasing valency of the added salt [Sjo96].  

This observation suggested that, by varying the valency of the added salt, the frictional 

forces could be manipulated. 

To investigate this hypothesis, 0.24 M CaCl2 was added into the polishing slurries 

(the ionic strength was kept equivalent to 0.6 M NaCl).  Table 5.2 summarizes the 

polishing performance in the presence of CaCl2.  It was observed that the slurry was 

stable and hence the surface quality of the polished wafers was acceptable with roughness 

value of 0.47 nm, and the maximum depth of the observed defects less than 16 nm.  

Moreover, the material removal rate was high even in the presence of 32 mM C12TAB 

surfactant (4800 Å/min).  The speciation diagram of calcium at pH 10.5 shows that Ca++ 

is the predominant specie in the solution with CaOH+ [Fue95].  The divalent Ca++ ions 

are more competitive in adsorbing on the silica surface as their intensity of interaction on 

the negatively charged silica surface is higher than Na+ ions [Sjo96].  Specifically, it was 

shown that adsorption of calcium species on quartz extensively increase starting at pH 10 

[Cla68].  It was also suggested that the adsorption of calcium hydroxyl complex on the  
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Table 5.2.  Summary of polishing performance of the baseline (with and Without CaCl2), 
and C12TAB mediated slurries in the presence of 0.24 M CaCl2. 

 

quartz surface create a positively charged active site, leading to increasing recovery in 

mineral flotation process [Ye93].  Therefore, the adsorption of the cationic surfactant is 

expected to be much less on the calcium activated silica surface resulting in weaker 

lubrication.  Figure 5.11 illustrates the FTIR absorbance spectra for the solutions 

containing 32 mM C12TAB at pH 10.5 without any salt addition and in the presence of 

0.6 M NaCl and 0.24 M CaCl2.  It can be seen that the most intense CH2 peak was 

obtained in the absence of salt, indicating effective surfactant adsorption.  The frictional 

forces were recorded to be negligible for this system (Figure 5.10 a).  Addition of NaCl 

reduced the intensity of the peak, which was attributed to the competitive adsorption of 

the Na+ ions.  CaCl2 addition resulted in the most significant decrease, confirming that 

calcium species reduced the C12TAB adsorption significantly.  In agreement, the direct 

measurement of the C12TAB (32 mM) adsorption on the silica surface in the absence of 

salt gave 6.5x10-6 mol/m2 value, while adsorption decreased to 5.2x10-6 and 1.4x10-6 

mol/m2 with 0.6 M NaCl and 0.24 M NaCl2 addition, respectively. 
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Figure 5.11.  FTIR-ATR adsorption spectra of the solutions in the presence of 32 mM 
C12TAB without salt and in the presence of 0.6 M NaCl and 0.24 M CaCl2.

Figure 5.12 a shows the repulsive force barriers obtained with the baseline and 32 

mM C12TAB mediated slurries in the presence of NaCl and CaCl2.  It can be seen that in  

all the cases there was a repulsive interaction resulting in the stability of the slurries.  In 

case of CaCl2 addition, repulsive forces were observed at much smaller separation 

distances as compared to the NaCl added slurries.  The repulsive force barrier observed 

with the CaCl2 added slurries was also relatively smaller than in the presence of sodium.  

This may again be attributed to the reduced surfactant adsorption resulting in smaller 

number of surfactant aggregate existence on the silica surfaces for calcium mediated 

systems.  Slurry stabilization at smaller separation distances is another indication of the 

increased surfactant removal from the surface, leading to particle-substrate interaction. 
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Figure 5.12.  AFM force measurements for C12TAB mediated slurry in the presence of 

NaCl and CaCl2. (a)  Repulsive force measurements; (b)  Friction force 
measurements. 
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The friction force measurements conducted in the presence of 0.24 M CaCl2 for 

C12TAB mediated slurries also illustrated high frictional interactions, which was 

consistent with the high material removal rates obtained on this system.  The in-situ 

friction force was measured to be of 6.3 nN.  Furthermore, the single particle-substrate 

level interactions also showed high friction response as illustrated in Figure 5.12 b.  In 

lubrication literature, the surfactant layers are designed to be strong enough to prevent the 

friction of the metal or ceramic pieces of the machinery during operation.  The load 

required for destroying the cohesive lubrication layer and resulting in contact of the bare 

surfaces is defined as the scuff load [Ask86, Kum90].  In CMP however, it was required 

to modify the strength of the lubricating layer to achieve sufficient frictional interactions 

and material removal.  Based on these findings, it is suggested that consistently high 

performing slurries could be achieved by controlling the interaction forces in CMP.  It 

was also demonstrated that, control of the interaction forces is possible by manipulating 

the slurry chemistry utilizing surfactants and varying the ionic strength. 

Summary 

Robust dispersion of the CMP slurries in extreme ionic strength and high pH 

environments is a must for optimal polishing performance, which requires the 

introduction of high enough repulsive forces between the slurry particulates.  However, in 

this study, it was observed that, to design optimally performing CMP slurries, the control 

of particle-particle interactions is not sufficient as it maybe in other applications.  To 

enable an optimal material removal rate, it is also necessary to have the abrasive particles 

engage with the substrate.  It has been shown that the particle-substrate interaction forces 

could be modified by addition of surfactants to the slurries, which tend to form a 

lubrication layer on the wafer surface and vary the material removal response.  The 
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adsorption/desorption of the surfactant molecules were observed to be a function of the 

slurry ionic strength and the applied normal forces.  In summary, it was observed that the 

stability of the CMP slurries must be tailored by controlling both the lateral (particle-

particle) and normal (particle-wafer surface) interactions, which can be manipulated by 

varying the surfactant chain length, slurry ionic strength and the valency of the added 

salt.  The particle-substrate interaction in CMP is also a function of the slurry particulate 

properties.  In the following chapter, effects of the slurry particle size and solids 

concentration on CMP performance are investigated. 

 

 

 



 

CHAPTER 6 
DESIGN CRITERIA FOR OPTIMALLY PERFORMING CMP SLURRIES 

Introduction 

In previous chapters, effects of slurry particle size distribution and stability on 

CMP performance were investigated.  Role of particle-particle and pad-particle-substrate 

interactions in developing optimally performing CMP slurries was delineated.  The next 

step in formulating engineered particulate systems for effective polishing is the 

determination of slurry particulate properties, such as the abrasive particle size and solids 

concentration.   

The earlier studies on slurry particulate properties reported inconsistent results 

stating that, the material removal rate increases, decreases or does not change with the 

slurry particle size [Bro81, Jai94, Izu79, Coo90, Siv92, Bie98].  This is believed to be 

due to the variation in the selected operational regimes and polishing systems.  Indeed, a 

systematic study on silica CMP has shown that all three of these behaviors could be 

observed in silica polishing depending on the selected slurry particle size and solids 

concentration range [Mah00].  Thus, it is clearly required to investigate the mechanisms 

of polishing as a function of the slurry particulate properties, to design optimally 

performing slurries. 

In this chapter, significance of the changes in the slurry particulate properties on 

polishing performance is investigated for silica CMP process.  The mean particle size and 

solids loading of the abrasives in the polishing slurry may impact the material removal 

rate and quality of surface finish, as these factors alter the load applied per abrasive 

98 
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particle.  Being another factor that influences the pad-particle-substrate interactions, the 

influence of applied download on polishing performance was also evaluated.  The 

obtained results were analyzed in terms of the pad-particle-substrate interactions, which 

highlighted the possible mechanisms of polishing in silica CMP.  Furthermore, a response 

surface design was conducted to optimize the polishing performance based on the slurry 

particulate properties and the operational pressure value according to the desired 

performance criteria. 

Experimental 

In this study, the material removal rate and surface quality responses of the 

slurries of different particle sizes were analyzed as a function of solids loading and 

applied download.  Furthermore, a rotatable central composite design was utilized to 

optimize the slurry particulate properties at various operational head loads.  The central 

composite design has the advantage of analyzing three factors at five levels with a 

relatively small number of observations, that are enough to estimate the second order 

effects of the response surface [Mas89].  It is also suitable for process optimization.  

Figure 6.1 shows the three-factor layout for the rotatable central composite design.  On 

this layout, the high and low levels of the design are coded as  -1 and +1 and the factorial 

portion is represented with the circles, which are forming a box.  The star (α) points are 

the axial points, and they are located 1.68 coded units away from the center (α = [2k]1/4, 

for k=3 α = 1.68), making the design rotatable.  A rotatable design provides equally good 

predictions at points of equal distance away from the center.  Design Expert software (by 

Stat-Ease Inc.) was utilized to create the response surface design and to analyze the 

experimental results.  The design required 20 experimental runs including 6 repeat tests at  
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Figure 6.1.  Central composite design for three factors. 

the center point, which provided an estimate of the uncontrolled experimental error 

variation.  The studied design and the obtained responses are given in the appendix with 

the mathematical equations showing the dependence of the selected factors to the 

experimental variables.  Polishing slurries were prepared using monosized sol-gel silica 

powders obtained from Geltech Corporation by following the procedure described in 

Chapter 4.  Table 1.1 summarizes the selected design levels determined based on the 

industrially used values.  Polishing tests were performed on 1.5 inch x 1.5 inch p-type 

Table 6.1.  Selected design levels for the three-factor rotatable central composite design. 
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Figure 6.2.  Prediction profiles for material removal rate response. 

silicon wafers on which a 2.0 µm thick SiO2 layer had been deposited by PECVD.  

Struers Rotopol 31 polisher and IC 1000/Suba IV stacked pads were used for polishing as 

outlined in Chapter 3. 

Results and Discussions 

Material Removal Rate Response 

Figure 6.2 shows the prediction profiles obtained from the central composite 

design analysis for the material removal rate response, as a function of the slurry particle 

size, solids concentration and applied head load.  The R2 value was obtained from the 

statistical analysis for the material removal rate response was 0.95 indicating a sufficient 

experimental fit.  Increasing the particle size and solids concentration of the slurry 

resulted in a decrease in the material removal rate.  On the other hand, increasing the 

applied load led to a tendency for increased material removal.  Statistical analysis showed 

that the slurry particle size and solids concentration had a significant effect on the 

material removal rate response within 90 % confidence interval.  The applied load, 

however, had only a modest affect on the material removal rate at the selected load  
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Figure 6.3.  Material removal rate surface response for 0.5 µm particle size slurry.

regime.  The three-dimensional surface response plot of 0.5 µm particle size slurry is 

illustrated in Figure 6.3.  The shape of the contours verify that at a given solids 

concentration, the increase in the applied load does not have a major impact on material 

removal rate.  To further understand the reasons for the observed dependence of material 

removal rate to the experimental variables, additional experiments were conducted by 

varying one factor at a time, as discussed below. 

Effect of slurry particle size and concentration on material removal rate 

Figure 6.4 shows the material removal rate responses of 0.3, 0.5 and 0.8 µm size 

abrasive particles as a function of the slurry solids loading at 7.4 psi head pressure.  It 

was observed that for all the selected particle sizes, there was a particular solids 

concentration, where the material removal rate reached a maximum, beyond which, 

removal rate started to decrease and reached a plateau around 24 wt% concentration.  
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Mahajan also observed a similar behavior for the silica-silica polishing system previously 

for 0.2, 0.5, 1.0 and 1.5 µm particle size slurries at a solids concentration range of 0.2 to 

15 wt%, except for the 0.2 µm size slurry, which showed a continuous increase in the 

material removal rate up to 10 wt% and then reached a plateau (Figure 2.14) [Mah00].  

The initial increase in the material removal rate as a function of solids concentration was 

not observed in the central composite design response, since there was only one data 

point below 6% concentration region.  This data point, being out of the expected response 

range, was detected as an outlier in the statistical analysis, which was taken out to obtain 

a reliable experimental fit. 

To investigate the reasons for the variation in the material removal rate as a 

function of solids concentration, surface quality analyses were conducted on the wafers 

 

 
Figure 6.4.  Material removal rate analysis for 0.3, 0.5 and 0.8 µm size slurries as a 

function of solids loading. 
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polished with 0.3 µm size slurries at 7.4 psi.  The AFM surface micrographs obtained on 

these surfaces are presented in Figure 6.5 with the schematics of the suggested particle- 

substrate interaction mechanics.  At 0.5 wt% solids concentration, many scratches were 

detected on the wafer surface.  At this concentration, only a few abrasive particles were 

in interaction between the pad and the wafer as confirmed by the SEM micrographs taken 

on the pad surface after polishing (Figure 6.6).  The number of particles detected on the 

pad surface also decreased as the particle size increased (in accordance with the lower 

number concentration of larger particles at a constant solids concentration).  Hence, at 0.5 

wt%, the normal load applied per particle could be relatively high, which may result in 

deeper indentation of the particles into the wafer surface as suggested by the indentation 

mechanism discussed in Chapter 2 (Figure 2.15 b).  In addition, abrasive particles are 

expected to indent into the polymeric polishing pad as schematically illustrated in Figure 

6.7 [Qin03].  When the particles are embedded into the polymeric pad, it is anticipated 

that they may be sliding on the wafer.  The scratches observed on the AFM image of the 

wafer polished with the 0.5 wt% slurry indeed supported the suggestion that the particles 

were sliding on the wafer surface during polishing and abrading the wafer surface based 

on the indentation mechanism.  Although this resulted in polishing, the material removal 

rate was only 235 Å/min.  The relatively low removal was attributed number of particles 

(which are the cutting tools) in contact with the wafer surface being low at this solids 

concentration (Figure 6.6). 

Increasing the particle concentration to 6 wt%, an increase in material removal 

rate was observed (1700 Å/min), due to the increased number of polishing particles.  

AFM analysis conducted on the wafer surface polished with 6 wt% slurry still showed 
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many scratches, suggesting that the particles continued to slide on the wafer surface.  At 

15 wt%, however, the surface image showed more pitting type of deformations than 

scratches.  Similar pitting type deformations were also observed at 24 and 30 wt% 

concentrations and the material removal rate response started to decrease above 15 wt% 

concentration simultaneously with the observed changes in the surface quality of wafers. 

 

Figure 6.5.  Suggested particle-substrate interactions for 0.3 µm size slurries as a function 
of solids loading with the AFM surface micrographs. 
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(a) 0.3 µm 

 

 
(b) 0.5 µm 

 

 
(c) 0.8 µm 

 
Figure 6.6.  SEM images conducted on the pad surface after polishing with 0.5 %wt 

slurries.  (a) 0.3 µm; (b) 0.5 µm; and (c) 0.8 µm particle size. 
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Figure 6.7.  Pad-particle-substrate interactions as a function of increasing slurry solids 
concentration [Qin03]. 

It was initially hypothesized that the decreased force per particle at more concentrated 

slurries might have decreased the frictional interactions, which are responsible for the 

material removal in CMP [Coo90, Mah99a, Mah99b].  In agreement, SEM images of the 

IC-1000 pad surface collected after polishing with 0.3, 0.5 and 0.8 µm particles at 30 

wt% concentration showed that the pad surface was almost completely covered with the 

particles for all slurries (Figures 6.8 a to c).  Furthermore, based on the surface defects 

being more pitting type than scratching, it was suggested that the particles might have 

started rolling on the wafer surface during polishing, which may in turn explain the 

decreased frictional interactions.  To investigate these hypotheses, in-situ friction force 

measurements were conducted and the possibility of particle rolling was evaluated based 

on torque calculations on the abrasive particles as a function of the load applied per 

particle during polishing. 

Figure 6.9 illustrates the in-situ friction force and material removal rate responses 

of the 0.3 µm slurry as a function of the slurry solids concentration.  It can be seen that 

the decrease in material removal rate response occurred at the same concentration range 

with the decrease in the in-situ frictional force.  A direct correlation between the material 

removal rate and the frictional interactions was observed previously for silica polishing 
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(a) 0.3 µm 

 

 
(b) 0.5 µm 

 

 
(c) 0.8 µm 

 
Figure 6.8.  SEM images conducted on the pad surface after polishing with 30 %wt 

slurries.  (a) 0.3 µm; (b) 0.5 µm; and (c) 0.8 µm particle size.
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Figure 6.9.  In situ friction force measurements of 0.3 µm size slurries with material 

removal rate response as a function of solids concentration.  The dotted line 
illustrates the solids concentration where rolling motion starts according to 
the developed model.

 [Mah99a, Mah99b].  Our analysis on the surfactant mediated systems also indicated a 

correlation between the frictional interactions and the material removal rate as 

summarized in the previous chapter.  To understand the reason for the decrease in the 

frictional interactions, the second hypothesis, possibility of particle rolling during 

polishing, was evaluated.  To investigate conditions for sliding or rolling of abrasive 

particles during polishing, a model developed in our group was utilized [Qin03].  This 

model analyzes the pad-particle-substrate interactions as a function of the slurry particle 

size and solids concentration, being the factors that impact the load per particle.  In this 

model, the pad-particle and particle-substrate lateral (frictional) interactions creating 

resistance to particle rolling are compared to the torque on the particle that is generated 

by the relative movement of the polishing head (carrying the wafer) and the platen (to 
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which the polishing pad is attached).  Based on the Hertzian interactions, the particles 

were determined to start rolling when a critical angle of 36o was satisfied between the 

center of the abrasive and the pad surface (Figure 6.10).  Accordingly, it was calculated 

that all the 0.3 µm particles will experience rolling motion at 22.4 wt% solids 

concentration threshold for rolling.  This value was calculated to be18.6 wt% and 11.7 

wt% for the 0.5 and 0.8 µm size slurries, respectively.  The torque on the spherical 

abrasive particle increases with the increasing particle size, since it is directly related to 

the particle radius.  Therefore, the complete rolling motion of the larger particle size 

systems is expected to be reached at lower solids concentrations as compared to the 

smaller size particles.  The calculations conducted based on the developed model also 

followed this trend.  However, it is important to note that the proposed model predicts the 

solids concentration at which all the particles are in rolling motion, rather than the  

 

 

Figure 6.10.  Schematics of the pad-particle-substrate interactions with the forces induces 
during polishing.  Particle starts rolling when θ exceeds 36o [Qin03]. 
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concentration where the transformation from sliding to rolling motion starts.  Based on 

the observed changes in the type of surface defects and the material removal rate 

response, it is believed that this transformation occurs at the concentration, where the 

material removal rate reaches a maximum and starts decreasing.  In the proposed model 

calculations, the average load per particle is taken into account, which allows for the 

prediction of the solids concentration where all the abrasives reach rolling motion.  In 

real polishing applications, on the other hand, there is a distribution of the normal force 

applied per particle.  One source of this distribution is believed to be the height 

distribution of the pad asperities, which transfer the applied head load to the abrasive 

particles [Yu89].  The AFM cross section of the pad surface represented in Figure 2.5-b 

illustrates the asperity height difference.  In addition, the local differences in the particle 

concentration on the pad surface could result in variation in the load per particle.  

Therefore, it is suggested that the particle rolling starts when a decrease in material 

removal rate is detected.  Before this point, the majority of the particles are believed to be 

in sliding motion on the wafer surface as they are indented on the pad material.  After this 

concentration, however, some portion of the particles may be rolling while the remaining 

continue the sliding motion until the complete rolling is reached.  According to the 

modeling calculations, at 24 %wt solids concentration, all the selected size slurries are 

expected to be in complete rolling.  In agreement, the experimental measurements 

showed a plateau in material removal rate above this concentration for all the 0.3, 0.5 and 

0.8 µm size slurries (Figure 6.4).  Furthermore, the material removal rate responses were 

almost the same regardless of the slurry particle size.  This observation was attributed to 

the saturation of the pad surface with the particles at 24 to 30 wt% solids concentration 
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range as illustrated in Figure 6.9 a to c.  According to the Hertzian contact theory, the 

total area of contact should remain the same for any particle size at constant head 

pressure, when the surface saturation is reached.  The slight tendency to increase in 

material removal rate at 30 wt% can be explained based on the formation of multiple 

layers of abrasive particles as illustrates in Figures 6.9 a to c.  However, if the complete 

rolling was not achieved, material removal rate did not decrease as observed for 0.2 µm 

size slurries previously (Figure 2.14), for which the modeling calculations suggested that 

the complete rolling motion could be reached at 35.5 wt% solids concentration. 

These analyses indicated that the maximum removal rates were obtained for any 

particle size slurry, at the suggested point of transition from sliding motion to rolling 

motion.  However, surface quality of the polished wafers must also be taken into account 

to determine the optimal operational regime.  It is believed that in sliding motion, where 

the load per particle is relatively high, material removal takes place more mechanically, 

which was defined as the indentation based mechanism previously as discussed in 

Chapter 2 [Bie98].  This type of material removal also results in higher frictional forces 

due to the mechanical abrasion of material [Coo90].  As the solids concentration is 

increased, the number of polishing particles increases leading to higher removal rates till 

a maximum is reached.  Up to this maximum, particles are still indenting and sliding on 

the surface resulting in mechanical material abrasion leading to highest total indent 

volume during polishing.  Immediately above this concentration rolling motion is 

suggested to start in which the particle indent is minimal.  Therefore, more chemically 

driven particle-substrate interactions occur, which was defined as the contact area based 

material removal mechanism in previous investigations [Bie98, Mah00].  This type of 
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interactions was suggested to improve the formation of the chemically modified surface 

film on the silica wafer [Bie98, Tom94] by increasing the water diffusion into the silica 

structure [Ito81, Mas84, Dun91].  Although the material removal rate decreased due to 

the reduced mechanical interactions, the surface quality started improving with the 

increasing solids concentration since the particle indent was minimal.  To balance a high 

material removal rate and acceptable surface finish during polishing, chemical and 

mechanical interactions must be tailored by selecting appropriate slurry particle size and 

concentration.  Use of small particle in CMP is therefore advantageous since the small 

size abrasives tend to start rolling at relatively higher concentrations, where a high 

enough total indent volume can be obtained leading to high material removal rates with 

minimal surface defects.  In agreement, the commercial CMP slurries are commonly 

made of 50 to150 nm size particles at 10 to 30 wt% solids concentrations. 

Effect of applied head pressure on material removal 

Figure 6.11 illustrates the material removal rate responses of an abrasive free 

solution, and the 0.3, 0.5 and 0.8 µm size slurries at 15 %wt, as a function of applied 

load.  It was observed that without the particles, material removal rate was negligible at 

any applied pressure indicating the need for abrasives to achieve polishing in silica-silica 

system in agreement with previous observations in the literature [Izu79].  In the presence 

of particles, there was a trend towards increased material removal with the increased head 

load.  Since the head load is transferred to the wafer surface by the polishing pad, it was 

necessary to examine the pad-substrate interactions as a function of the applied load. 

In Chapter 5, FTIR-ATR technique was used for determining the percent pad 

contact area with the wafer surface as a function of the operational head load.  It was 
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Figure 6.11.  Effect of head pressure on material removal rate for abrasive free and 0.3, 

0.5 and 0.8 µm size slurries. 

observed that the pad-substrate contact area increased with an increase in the applied 

load.  During polishing, an increase in head load is expected to bring more pad material 

in contact with the wafer.  Therefore, although the applied head pressure is increased, the 

pressure per particle would not change to the same extend since the number of particles 

in contact also increases.  Accordingly, as verified by the statistical analysis (at 90% 

confidence interval), the material removal rate response did not vary considerably as a 

function of applied load, which was also reported in the literature [Cop00]. 

Surface Quality Response 

Figures 6.12 and 6.13 show the prediction profiles for the root mean square 

(RMS) surface roughness and maximum depth of surface defects (pits or scratches)  
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Figure 6.12.  Prediction profiles for surface roughness response. 

 

Figure 6.13.  Prediction profiles for maximum depth of the surface defects (pits or 
scratches) response. 

responses as a function of the slurry particle size, solids concentration and applied head 

load.  The statistical analysis indicated that the particle size and the solids loading 

significantly affected the surface roughness response at a 90% confidence interval (R2 = 

0.94).  For the maximum depth of the surface defects analysis, on the other hand, particle 

size and applied load variables were found to be the statistically significant factors (R2= 

0.97 R2). 
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It is observed from Figures 6.12 and 6.13 that, increasing the abrasive size 

resulted in an increase in both the surface roughness and the maximum surface 

deformation responses.  Figure 6.14 a and b show the AFM images and cross section 

profiles taken on the wafers polished with 0.2 and 1.0 µm size slurries at 15 wt% solids 

concentration under 74 N applied load.  These images clearly illustrate the increasing 

magnitude of surface pitting with increasing particle size.  For the small size particles 

some pittings occurred on the wafer surface but they were relatively shallow.  Therefore, 

the surface roughness was within acceptable range.  Increasing the particle size at the 

same concentration up to 0.5 µm size increased the depths of the surface deformations, 

which also increased the surface roughness response.  When the particle size was 

increased to 1.0 µm, there were significantly fewer particles interacting with the wafer 

surface and, although the depths of the pits increased, their number decreased thus 

resulting in a decrease in surface roughness. 

 

Figure 6.14.  AFM pictures and surface profiles for the wafers polished with 15 wt% 
slurries under 74N applied downforce.  (a) 0.2 µm size slurry;  (b) 1.0 µm 
size slurry. 
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The impact of solids concentration on surface quality was presented earlier in 

Figure 6.5.  At low solids concentrations (0.5 and 6 wt%), the polished surfaces had more 

scratch type of deformation since the particles were suggested to be in sliding motion.  

The surface roughness values for 0.3 µm size slurries were 0.84 and 1.31 nm, at 0.5 wt% 

and 6 wt% solids concentrations.  Under these conditions, the maximum defect depth did 

not exceed 27 nm.  At 15 wt% solids concentration, however, the surface roughness and 

the pitting depth were the highest with 1.85 and 42 nm values respectively.  This can be 

attributed to the change in the particle-substrate interactions from sliding to rolling, as 

explained in the previous section.  Particle rolling motion could be the reason for the deep 

pit formations at this concentration, where the pressure per particle was still relatively 

high.  At increased solids concentrations, surface quality was observed to improve, which 

may be attributed to the increased number of abrasive particles in contact with the surface 

thus decreasing the load per particle.  Surface roughness was detected to be 1.02 and 0.84 

nm, for the 24 and 30 wt% slurries, respectively.  The maximum defect depth was 

measured to be below 30 nm in each case.  Finally, the effect of applied load on surface 

quality was investigated.  Increasing the applied load adversely impacted the surface 

quality.  Both surface roughness and deformation responses increased as the head load 

increased as can be seen on the prediction profiles given in the Figures 6.12 and 6.13. 

Optimization 

The overall goal of the CMP process is to achieve a high material removal rate 

while protecting the wafer surface quality.  After the impact of slurry particulate 

properties and head pressure were investigated on the polishing performance, 

optimization analyses were conducted in the final part of this study.  A central composite 
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design was utilized for optimization purposes.  To determine the optimal operational 

regimes, appropriate limits were defined for each response surface.  Material removal rate 

response was considered to be acceptable above 2000 Å/min.  Surface roughness and 

maximum deformation responses were restricted to be less than 1.5 nm and 40 nm to 

have a reasonable surface quality after polishing.  Under these conditions the contour 

plots of the three response surfaces were plotted.  Figure 6.15 shows the solids loading 

versus particle size contour plots at the selected limiting conditions for different applied 

loads.  The colored areas indicate the regions that are restricted by one of the response 

surface limitation.  The white areas, on the other hand, represent the optimal polishing 

regions where all the desired conditions are satisfied. 

Figure 6.15 a shows the surface response at low pressure regime, where 54 N (5.4 

psi) head load was applied during polishing.  In this case, the limiting factors were the 

material removal rate response and the maximum depth of surface pitting or scratches.  

As discussed previously, material removal rate tends to increase with increasing applied 

load, whereas the surface quality is better in low load regimes.  Therefore, the desired 

2000 Å/min material removal rate condition could be satisfies at a more limited region 

than the surface quality requirements.  As the applied load increased to 94 N, (9.4 psi), 

the material removal rate response improved.  However, it can be seen in Figure 6.15 b 

that the surface quality responses started to become the limiting factors as the surface 

roughness increased significantly.  Consequently, the operational area was limited to a 

small region.  The optimal download, where the operational area is maximum, was 

determined to be 76.2 N according to the Design Expert optimization results as illustrated 

in Figure 6.15 c.  
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Figure 6.15.  Continued.
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         Material removal rate (MRR) is less than 2000 Å/min. 
 

Surface roughness (RMS) is higher than 1.5 nm. 
 
Maximum surface deformation is higher than 40 nm. 

 

Figure 6.15.  Optimal operational regimes as a function of solids concentration and 
particle size under different applied load conditions.  (a) 54 N applied load; 
(b) 94 N applied load; (c) 76.2 N applied load. 

According to the optimization analysis, the material removal rate can be increased 

by increasing the applied load during CMP applications at the expense of surface quality.  

It is observed that the optimal polishing is achieved at small particle sizes and medium 

solids loading conditions.  These are also the conditions employed in the industrial CMP 

processes. 
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The statistical analyses also give the advantage of predicting performance of a 

polishing system within the selected design limits.  Equations 6.1 to 6.3, give the 

quadratic relationships for the estimation of material removal rate (MRR), surface 

roughness (RMS), and maximum surface deformation (Rmax) as a function of the slurry 

particle size (A), solids concentration (B) and applied head load (C). 

MRR = 4140 – 6796 A– 189 B + 11 C + 4286 A2 + 5 B2  

    + 0.06 C2 + 89 A B  – 16 A C – 0.45 B C  (6.1) 

RMS = 4.38 + 15.11 A + 0.23 B – 5.21 C – 9.07 A2  – 4.97 B2  

    + 2.74 C2  – 0.09 A B  – 0.02 A C – 2.98 B C (6.2) 

Rmax = 75.1 + 159.47 A + 0.15 B – 3.1 C – 42.7 A2 + 0.03 B2  

    + 0.02 C2  – 8.07 A B + 1.79 A C  + 0.03 B C (6.3) 

Summary 

In this chapter, effects of slurry particulate properties on the performance of oxide 

CMP operations were investigated by examining material removal rate and surface 

quality responses as a function of the slurry particle size and solids loading at different 

applied load regimes.  The obtained results were explained by studying the pad-particle-

wafer surface interactions based on the material removal rate response and the type of 

surface deformation obtained on the polished surfaces. 

Optimization results showed that most desirable polishing results are achieved 

with small particle size slurries at medium solids concentrations with medium applied 

loads.  These findings are in agreement with the industrial practice.   Figure 6.16 

summarizes the criteria that must be meet for the formulation of effective CMP slurries.  

It can be concluded based on the findings of this investigation that, the design criteria for 

optimally performing CMP slurries are (i) the oversize particles must be avoided in the  
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Figure 6.16.  CMP slurry design criteria. 

slurries, (ii) robust stabilization schemes must be used in CMP by controlling the particle-

particle and particle-substrate interactions and (iii) monosized slurries with small particle 

size at medium solids concentrations should be used for polishing at medium operational 
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load/pressure regimes.  These criteria can be used to develop effective predictive 

methodologies for the CMP applications, which is discussed in the following chapter as a 

part of the suggested future work. 

 

 

 



 

CHAPTER 7 
SUMMARY AND SUGGESTIONS FOR FUTURE WORK 

Summary 

The advances in the microelectronics industry continue to demand significant 

improvements in the chemical mechanical polishing (CMP) processes.  As the sizes of 

the microelectronic devices keep on decreasing, an atomic level material removal with 

minimal number of defects is targeted in planarization efforts.  To meet the desired 

performance criteria, it is necessary to understand the fundamentals of the pad-particle-

substrate interactions leading to material removal and defect formation in CMP rather 

than concentrating on the tool related operational variables alone.  In this study, design 

criteria were developed for consistently high performing CMP slurries by investigating 

the particle-particle and pad-particle-substrate interactions during polishing. 

One of the major concerns in CMP is the formation of scratches and pitting on the 

wafer surfaces, which may result in defective microprocessors.  Although it has been 

commonly suggested in the literature that the presence of larger particles in the slurries 

resulted in defect formation, their impact on polishing performance was not clearly 

known.  In the beginning of this investigation, effects of hard-core coarser particles (hard 

agglomerates) on polishing performance were quantified.  The limits of light scattering 

technique in detecting a small number of coarser particles in a commercial CMP slurry 

were established.  It was observed that the limits of detection could be as low as parts per 

million (ppm) level.  However, the polishing tests conducted in the presence of hard 

agglomerates at these detection limits revealed that, even at ppm concentrations, they 

124 
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resulted in unacceptable surface defects such as scratches and pitting.  Furthermore, the 

material removal rate response was found to vary indicating that the agglomerates 

resulted in changes in the particle-substrate interactions.  Being larger in size, the coarse 

particles seemed to carry most of the load transferred by the polishing pad, reducing the 

interaction of smaller size, primary slurry particles with the wafer surface during 

polishing.  This also resulted in unequal distribution of the forces leading to surface 

deformations as the coarser particles indented to the wafer surface.  Therefore, coarser 

particles must be effectively removed from the CMP slurries to maximize highly uniform 

particle-substrate interactions leading to good control of material removal and acceptable 

surface quality. 

Although filtration of the CMP slurries is commonly practiced to remove hard 

agglomerates, surface scratches are observed even with the filtered slurries.  This has 

been attributed to the formation of transient (soft) agglomerates of the primary size slurry 

abrasives.  These soft agglomerates may form during polishing due to the fluctuations in 

the slurry chemistry and particle concentration.  To evaluate their impact on polishing 

performance, partially dry aggregated, polymer flocculated and salt coagulated slurries 

were prepared.  The systematic analysis conducted in the presence of these transient 

agglomerates confirmed that in spite of their breakage during polishing, soft 

agglomerates could degrade the surface quality.  The magnitude of surface defects 

depended on the rigidity of the agglomerates.  While the relatively strong dry aggregates 

resulted in severe pitting, loosely bonded polymer flocs created lesser defects.  The 

material removal rate response, on the other hand, was observed to be governed by the 

extent of the pad-particle-surface interactions that impact the magnitude of the frictional 
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forces enabling abrasion and material removal.  Presence of polymer in the slurry 

decreased the frictional forces by leading to surface lubrication, while the salt mediated 

slurries were shown to increase the frictional interactions by reducing the repulsive forces 

between the abrasives and the wafer surface.  Eventually, it became clear that not only 

the hard agglomerates but also the soft agglomerates of the primary abrasive particles 

must be avoided in the polishing slurries to ensure acceptable polishing performance.  

Thus, it was required to provide adequate stabilization schemes for the CMP slurries, 

which could be effective in extreme environments of the polishing process. 

Robust dispersion of the CMP slurries at high ionic strength and pH conditions in 

the presence of reactive additives requires repulsive forces between the slurry 

particulates.  In this study, cohesiveness of the self-assembled surfactant structures at the 

solid/liquid interface was utilized to stabilize CMP slurries.  These structures created 

strong steric repulsive barriers among silica abrasives enabling dispersion at high ionic 

strengths.  However, it was observed that, to design optimally performing CMP slurries, 

control of particle-particle interactions was a necessary but not a sufficient condition.  To 

provide an optimal material removal rate environment, it was determined that the 

abrasive particle must engage with the substrate surface.  The particle-substrate 

interactions were observed to be strongly influenced by the added surfactants.  Surfactant 

molecules were determined to form a lubrication layer on the wafer surface altering the 

frictional forces, which govern the material removal rate.  The adsorption/desorption of 

the surfactant at a given applied load was observed to be a function of the surfactant 

chain length, slurry ionic strength and valency of the added salt, which led to the control 

of the particle-substrate interactions and hence the material removal rate. 
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The particle-substrate interactions in CMP process are also a function of the slurry 

particulate properties and the operational download.  In the final part of this investigation, 

effects of slurry particle size and solids concentration on the performance of oxide CMP 

operations were investigated by examining material removal rate and surface quality 

responses as a function of applied load.  The possible variations in the mechanical and 

chemical interactions were discussed as the slurry particulate properties varied, which 

underlined the importance of the formation of chemically modified surface layers during 

CMP operations.  These layers were suggested to provide acceptable surface finish in 

addition to enabling the material removal in CMP.   

In silica polishing, presence of abrasives was observed to be required to obtain 

material removal, indicating that they were responsible for both the chemical 

modification of the surface and mechanical abrasion.  Therefore, the particle-substrate 

interactions were investigated in detail for silica polishing.  The slurry abrasives were 

detected to indent on the pad and the wafer surfaces at low solids concentrations leading 

to mechanical abrasion of the surfaces as they slide on the wafer.  At higher solids 

concentrations, however, they started rolling since the load per particle was lower as 

compared to load applied per abrasive for less concentrated slurries.  Although, rolling 

motion resulted in better surface finish, the higher material removal rates were obtained 

when the particles were sliding on the surfaces.  The optimization analysis concluded that 

the most desirable polishing results are to be achieved with small particle size slurries at 

medium solids concentrations and under medium applied load conditions.  The overall 

findings of this investigation led to the design criteria for the CMP slurries, which can be 

defined as follows: (i) presence of both hard and soft agglomerates must be avoided in 
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the slurries, (ii) robust stabilization schemes must be implemented by controlling the 

particle-particle and pad-particle-substrate interactions and (iii) monosized slurries with 

small particle size and medium solids concentrations should be used for polishing at 

medium operational pressures. 

Suggestions for Future Work 

The findings reported in this study can be further expanded to investigate several 

other issues, which are critical to increased performance of the CMP process.   

One of the main challenges faced in CMP is the development of effective 

predictive methodologies, which will lead to better control of CMP by enabling selection 

of effective operational and slurry properties.  The predictive methodologies must 

account for the pad-particle-substrate interactions rather than the operational variables 

alone, as has been the common practice so far.  In addition, the chemical effects must be 

taken into account to develop effective predictive methodologies, which lead to the 

formation of a chemically altered layer on the wafer surface during polishing.  The 

mechanical properties of the chemically modified surface are believed to be very 

different than the substrate material to be polished.  Therefore, unless these properties are 

investigated, the modeling efforts will be incomplete.  The most effective technique to 

measure the mechanical properties of the chemically modified layers is nano-indentation 

analysis.  However, they cannot provide the required sensitivity for the very thin films 

formed during CMP.  The new techniques, such as ultrasonic force microscopy, 

introduced for the measurement of the mechanical properties of the ultra-thin films are 

more promising as they provide highly sensitive and nondestructive methodologies 

[Cro00, Yar00]. 
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It has been verified in this investigation that the frictional forces play an important 

role on material removal during the CMP applications.  Addition of surfactants, 

surfactant chain length, change in slurry ionic strength and valency of the added salt were 

observed to alter the lateral (frictional) interactions in polishing.  Although a correlation 

was detected between the material removal rate and the measured frictional forces, the 

entire relationship is not known.  Therefore, it is also required to model the impact of 

frictional interactions during the CMP applications.  Furthermore, manipulation of the 

frictional forces during polishing by controlling surfactant adsorption/desorption can be 

used to design material selective slurries.  Enabling the selective adsorption of surfactant 

molecules to a selected material while the other materials on the substrate remains 

uncoated, particle-substrate engagement could be achieved for the bare material leading 

to its polishing, whereas the coated material cannot be removed due to the presence of the 

lubricating layer.  Naturally, these slurries must be tested with the patterned wafers to 

confirm the degree of selectivity they will provide during polishing. 

One final suggestion for future work relates to the slurry abrasive particle shape.  

Throughout this investigation, spherical particles were used for polishing.  However, 

some of the commercial polishing slurries are made of fused silica, in which the primary 

particles are composed of chains of much smaller particle beads.  These types of slurries 

are known to polish effectively.  The shape of abrasives may alter the particle-substrate 

interactions as the particles tend to orient according to their shape during polishing.  This 

can be utilized to modify the load applied per particle during CMP.  Increase in the 

particle-substrate contact area will lead to reduction of the pressure created on the 

surface.  While the spherical particles result in point contacts and relatively high pressure 
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generation, a plate like particle can generate much lower pressures, which are required 

for the polishing of softer and more sensitive materials such as copper and next 

generation polymeric dielectrics.  Therefore, the impact of slurry particle shape on CMP 

performance is suggested to be studied as a part of future work for designing next 

generation CMP slurries. 

 



 

APPENDIX 
CENTRAL COMPOSITE DESIGN AND RESPONSES 

Experimental variables: 

 A:  Particle Size (µm) 

 B:  Slurry solids concentration (%wt) 

 C:  Applied head load (N) 

Responses: 

 Material removal rate (MRR) (Å/min) 

 RMS surface roughness (nm) 

 Maximum depth of surface scratches or pits (Rmax) (nm) 

Final equations (* Significant factors in 90% confidence interval): 

Material removal rate = 

4140*– 6796 A*– 189 B + 11 C* + 4286 A2 *+ 5 B2 *+ 0.06 C2 + 89 A B * – 16 A C – 

0.45 B C  

RMS Surface Roughness  = 

4.38* + 15.11 A *+ 0.23 B *– 5.21 C – 9.07 A2 *– 4.97 B2 *+ 2.74 C2 * – 0.09 A B * – 

0.02 A C – 2.98 B C    

Maximum depth of surface scratches or pits = 

75.1 *+ 159.47 A *+ 0.15 B – 3.1 C *– 42.7 A2 *+ 0.03 B2 *+ 0.02 C2 * – 8.07 A B *+ 

1.79 A C  *+ 0.03 B C* 
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Run  
No 

 

Pattern Particle 
Size 
(µm) 

Applied 
load 
(N) 

Solids 
Conc. 
(%wt) 

MRR 
(Å/min) 

RMS 
Roughness

(nm) 

Rmax
(nm) 

 
1 
 

-00 
Axial 

0.2 74 15 
 

1620 0.68 20 
 

2 
 

0+0 
Axial 

0.5 114 15 992 4.23 109 

3 
 

000 
Center 

0.5 74 15 824 2.64 55 

4 
 

-++ 
Face 

0.3 94 24 1688 1.86 53 

5 
 

+-- 
Face 

0.8 54 6 874 2.17 103 

6 
 

--+ 
Face 

0.3 54 24 1463 1.02 22 

7 
 

000 
Center 

0.5 74 15 837 2.57 53 

8 
 

++- 
Face 

0.8 94 6 1063 2.92 151 

9 
 

-+- 
Face 

0.3 94 6 2770 1.53 24 

10 
 

+-+ 
Face 

0.8 54 24 868 2.03 40 

11 
 

000 
Center 

0.5 74 15 818 2.74 55 

12 
 

--- 
Face 

0.3 54 6 2070 0.79 25 

13 
 

00- 
Axial 

0.5 74 0.5 490 
(outlier) 

1.27 81 

14 
 

00+ 
Axial 

0.5 74 30 1002 2.16 46 

15 
 

+00 
Axial 

1.0 74 15 682 2.39 107 

16 
 

000 
Center 

0.5 74 15 828 2.68 53 

17 
 

0-0 
Axial 

0.5 34 15 668 2.15 55 

18 
 

000 
Center 

0.5 74 15 813 2.67 53 

19 
 

+++ 
Face 

0.8 94 24 902 2.25 93 

20 
 

000 
Center 

0.5 74 15 820 2.71 49 
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