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ABSTRACT 

 

This dissertation presents a series of studies related to the slurry mean residence 

time analysis and the pad-wafer contact characterization in Chemical Mechanical 

Planarization (CMP). The purpose of these studies is to further understand the 

fundamentals of CMP and to explore solutions to some of CMP’s challenges. 

Mean residence time (MRT) is a widely used term that is mostly seen in classical 

chemical engineering reactor analysis. In a CMP process, the wafer-pad interface can be 

treated as a closed system reactor, and classical reactor theory can be applied to the slurry 

flow through the region. Slurry MRT represents the average time it takes for fresh 

incoming slurry to replace the existing slurry in the region bound between the pad and the 

wafer. Understanding the parameters that have an impact on MRT, and therefore removal 

rate, is critical to maintain tight specifications in the CMP process. In this dissertation, we 

proposed a novel slurry injection system (SIS) which efficiently introduced fresh slurry 

into the pad-wafer interface to reduce MRT. Results indicated that SIS exhibited lower 

slurry MRT and dispersion numbers but higher removal rates than the standard pad center 

slurry application by blocking the spent slurry and residual rinse water from re-entering 

the pad-wafer interface during polishing. 

Another study in this dissertation dealt with the effect of pad groove width on 

slurry MRT in the pad–wafer interface as well as slurry utilization efficiency ( ). Three 

concentrically grooved pads with different groove widths were tested at different 

polishing pressures to experimentally determine the corresponding MRT using the 

residence time distribution (RTD) technique. Results showed that MRT and   increased 
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significantly when the groove width increased from 300 to 600 µm. On the other hand, 

when the groove width increased further to 900 µm, MRT continued to increase while     

remained constant. Results also indicated that MRT was reduced at a higher polishing 

pressure while   did not change significantly with pressure for all three pads. 

In the last study of this dissertation, the effect of pad surface micro-texture on 

removal rate during tungsten CMP was investigated. Two different conditioner discs 

(“Disc A” and “Disc B”) were employed to generate different pad surface micro-textures 

during polishing. Results showed that “Disc B” generated consistently lower removal 

rates and coefficients of friction than “Disc A”. To fundamentally elucidate the cause(s) 

of such differences, pad surface contact area and topography were analyzed using laser 

confocal microscopy. The comparison of the pad surface micro-texture analysis on pad 

surfaces conditioned by both discs indicated that “Disc A” generated a surface having a 

smaller abruptness (λ) and more solid contact area which resulted in a higher removal 

rate. In contrast, “Disc B” generated many large near-contact areas as a result of fractured 

and collapsed pore walls. 

 

  



 

 

22 

 

CHAPTER 1                                                                        

INTRODUCTION 

 

1.1 Introduction to CMP 

As the name implies, Chemical mechanical planarization (CMP) involves removal 

of materials by a unique combination of chemical and mechanical forces. The process 

helps achieve highly planar and smooth surfaces by means of chemical etching and 

mechanical abrasive polishing. Therefore, CMP is different from purely chemical 

removal processes (i.e. etching and corrosion) that cannot achieve good planarization, or 

purely mechanical polish processes (i.e. grinding and lapping) that cause too much 

surface damage. CMP has been proven to be the most effective planarization technology 

to offer multilevel planarization of integrated circuit (IC) fabrication in the 

semiconductor industry during the last two decades.
1-3

  

CMP is performed on a rotating and extremely flat platen which is covered by a 

polishing pad. A carrier is designed to hold the wafer during polishing. Typically, both 

the wafer carrier and platen are rotated in the same direction with different speeds. A 

downward pressure is applied to the carrier, pushing it against the pad while the wafer 

carrier and platen are rotating, respectively.
1
 Down force depends on the contact area 

which, in turn, is dependent on the structures of both the wafer and the pad. The polishing 

slurry containing abrasives and chemical additives for modulating the amount of material 

to be polished is dispensed from a tube located near the center of the pad, and as the 

platen rotates the slurry is transported between the wafer and the pad. The polishing pad 

is made of polyurethane and has pores and grooves to aid the slurry get transported to the 
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pad-wafer interface during the polishing process.
4-6

 Figure 1.1 shows a schematic of a 

typical polisher setup for CMP applications.
7
 

 

Figure 1.1 Schematic of CMP. 

1.1.1 Evolution of CMP Process 

The process of polishing was first used in high precision lens manufacturing, 

which is one of the most wide spread application of polishing outside the semiconductor 

industry. And also the first polishing machine was an innovation of the optical lens 

polishing machine.
8
 This process firstly adopted by the semiconductor industry was used 

to achieve a smooth and globally flat surface of raw silicon wafers. At that time, the idea 

of using colloidal silica was developed by Bob Walsh in 1961.
3
 The concept of CMP was 

invented by Klaus D. Beyer at IBM in the early 1980s.
9
 The first application is interlayer 

dielectrics (ILD) CMP which involved filling the trenches with a dielectric (i.e. silicon 

dioxide) and removing the excess material by polishing it off. Since then the CMP 

process has been used to planarize a variety of films. At the present time, CMP has been 
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extended to polishing of different materials including dielectrics, semiconductors, metals, 

polymers, and composites, and has become one of the most important semiconductor 

processes for achieving the performance goals of modern microprocessor and memory 

chips.
10

 

1.1.2 Advantages of CMP 

CMP is the only technique which helps achieve both local and global 

planarization. A wide range of wafer surfaces even multi-material surfaces can be 

effectively planarized.
1, 2

 CMP also improves metal step coverage due to reduction in 

topography and hence contributes to increasing IC reliability, speed and yield. In addition, 

CMP provides an alternative means of patterning metal and eliminates the need of plasma 

etch where hazardous gas is commonly used. 

1.1.3 Limitations of CMP 

Firstly, CMP is a new technology for wafer planarization, and there is relatively 

poor control over process variables. Therefore, CMP requires additional process 

development for process control and metrology. An example is the lacking of endpoint 

control for desired thickness. In addition, new types of defects from CMP can affect die 

yield. These defects become more critical for small feature sizes. One last point, CMP is 

one of the most expensive processes in semiconductor manufacturing because the run 

rates and availability of CMP are low and the consumption of consumables is high. 

 

1.2 Why CMP is needed in the Semiconductor Industry? 

The semiconductor industry did not initially resort to the CMP process. Several 

techniques including spin-on deposition (SOD), spin etch planarization (SEP), reactive 
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ion etching and etch back (RIE EB) and SOD/EB were tried earlier. Even combinations 

of the two techniques had been used to complement each other. SOD with EB proved 

particularly useful with some degree of success. SOD demonstrated excellent gap filling 

capabilities but showed very poor global planarization. RIE EB was a highly selective 

process and could be used to generate anisotropic etch profiles of dielectric or metal.
11, 12

 

Though the usage of both SOD and RIE EB processes together seemed to overcome the 

drawbacks of each of the processes and get excellent local planarization (as shown in 

Figure 1.2), achievement of global planarization was still perceived as a problem since it 

is really important to subsequent steps. 
3, 13, 14

 

 

Figure 1.2 Comparation of planarity degree between (a) SOD/EB and (b) CMP.
3
 

 

The manufacturing of patterns on a wafer is controlled by the capability of the 

photolithography process since the optical tools must be able to focus at all points of 

interest to image patterns precisely across the wafer. For large feature sizes (i.e. 500 µm), 

photolithography can overcome certain levels of surface roughness due to a relatively 

high depth of focus. However, nowadays, a central processing unit (CPU) contains more 
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than one billions transistors.
15

 The continuous increase of the transistor count and density 

on a chip results from the scaling down of the minimum feature size. Figure 1.3 shows 

the microprocessor unit (MPU) printed gate length as a function of time from 2001 to 

2028 predicted by the international technology roadmap for semiconductors (ITRS).
16

 As 

the minimum feature size reduces, the depth of focus in photolithography also diminishes. 

The surface roughness will reduce the focusing accuracy and lead to a loss in yield.
17

 

Therefore, an effective planarization technique needs to be introduced to the 

semiconductor industry to overcome such a difficulty. This technique is now known as 

CMP.  

 

Figure 1.3 Trend of MPU printed gate length.
18
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On the other hand, the demand for a more efficient interconnect system has also 

increased dramatically since chips become smaller and more complex.
1
 Therefore, the 

technique of multilevel metallization has been introduced to modern IC manufacturing 

since it provides direct routing and reduces the average length of connections in the 

device. In addition, multilevel metallization also helps improve the chip performance by 

reducing the signal delay.
19

 As shown in Figure 1.4, the maximum wiring layers for the 

current technology node is 13 and is predicted to be 17 in 2028 by ITRS.
16

  

 

Figure 1.4 Schematic of an IC cross-section.
18

 

The implementation of multilevel metallization presented opportunities for 

performance increase at the chip level. However, the scheme also created enormous 

challenges in fabrication at the wafer level. Figure 1.5 clearly shows the difference in 
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device fabrication with and without CMP. The rugged topography continues building up 

with every other layer if there is no planarization step involved. This rugged topography 

has a critical negative impact on the accuracy and efficiency of pattern transfer during 

photolithography.
20, 21

 However, planarization at each level of the IC fabrication 

successfully eliminates rugged topography buildup as shown in Figure 1.5b. This 

effectively planarized surface leads to higher photolithographic yields and a reduction of 

defects caused at the previous stages of manufacturing. 

 

Figure 1.5 Comparison between devices manufactured (a) without and (b) with CMP.
22

  

 

1.3 Application of CMP in IC Manufacturing 

The first application of CMP was ILD CMP for planarization of SiO2, then, CMP 

was introduced to remove excessive W to form the interconnect plug. At the present time, 

applications of CMP can be found in all three major areas of semiconductor device 

manufacturing. The transistor device part is called the front end of the line (FEOL), and 

the most important FEOL CMP process is the shallow trench isolation (STI) CMP.  CMP 

process involved in the middle of the line (MOL) is tungsten polishing process. The 

interconnect part is the back end of the line (BEOL), and interconnect CMP is for Cu, 

TaN/Ta removal process.
2
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1.3.1 STI CMP 

Before shallow trench isolation (STI), the local oxidation of silicon (LOCOS) had 

been the main isolation technique for many years due to its simplicity and low cost. As 

feature sizes scaled down to the deep sub-micron region, STI gradually replaced LOCOS 

as the device isolation technology for Ultra Large-Scale Integration (ULSI).
23

 A 

schematic of the major STI fabrication steps is shown in Figure 1.6. Firstly, the flow 

starts with a thin thermal oxide growth and silicon nitride deposition. Oxide and nitride in 

the isolation area defined by photolithography are then etched to form the trench. Silicon 

dioxide is deposited over the trench. The total trench oxide thickness is higher than the 

combined trench depth plus nitride layer thickness.
24-27

 Therefore, the goal of STI CMP 

process is to completely remove the oxide on top of the active area and stop on the nitride 

layer before reaching the silicon surface.
3, 28

 At the end, the nitride is removed by dry 

etching.  
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Figure 1.6 Schematic of STI fabrication.

1
 

1.3.2 Replacement Metal Gate CMP 

High-k metal gate (HKMG) integration using a replacement metal gate (RMG) 

approach was initially developed by Intel, implementing it in its 45nm technology in 

2007. In this technique, the polysilicon gate is created firstly. After the high-temperature 

S-D and silicide annealing cycles, the dummy polysilicon gate is removed and metal gate 

(i.e. Al or W) electrodes are deposited last. As shown in Figure 1.7, two RMG CMP 

processes, called poly opening polishing (POP) CMP processing before dummy 

polysilicon removal and Al/W-CMP implementing after metal deposition, have been 

developed to fabricate the HKMG devices and products. Major concerns for RMG CMP 

are metal dishing/erosion, metal gate height uniformity control and defectivity.
29
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1.3.3 W CMP 

Tungsten is widely used to construct the contact via as part of the interconnect 

network on a wafer mainly due to its superior electromigration performance.
30, 31

 The 

processing steps include deposition of Ti and TiN layers by physical vapor deposition 

(PVD) to improve the adhesion of the tungsten to the dielectric. This layer is also 

believed to act as a barrier layer for tungsten. Then chemical vapor deposition (CVD) of 

W is followed to fill the contact via. Figure 1.8 shows the schematic of W CMP porcess. 

The process involves the removal of all excess tungsten above the Ti/TiN barrier layer 

and then the Ti/TiN barrier layer. The W CMP process should provide excellent planarity 

since the first BEOL interconnect level will be affected by the topography created by the 

contact via level polish.
32-34

 In Chapter 6, the effect of pad surface micro-texture on 

removal rate during W CMP process will be investigated. 
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Figure 1.7 Schematic of replacement metal gate CMP.
29

 

 

Figure 1.8 Schematic of W CMP.
1
 

 

1.3.4 Cu CMP 

Metal Gate Polish 
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Cu interconnects were introduced to IC fabrication in 1997 due to copper’s lower 

resistivity and became industry standard thereafter.
2, 35

 Cu interconnects are typically 

formed via a dual damascene process. Trenches in the ILD layer are firstly generated 

using photolithographic and etching techniques. Then, typically a Ta/TaN layer as 

diffusion barriers is used to prevent Cu migration. The thickness of the barrier layer 

usually varies from 100 to 00 Å depending on the technology node. Subsequently, Cu is 

filled into the trenches by electroplating.
36, 37

 The Cu CMP process involves two steps. 

The first step is the removal of Cu overburden and stopping on TaN/Ta layer or slightly 

before the layer is exposed. The second step involves the removal of TaN/Ta layer 

without significant loss of Cu and dielectric. The Cu CMP performance metrics include 

removal rates, selectivity, global and local planarity, surface topography, dishing and 

erosion, and defectivity.
2
 

 

Figure 1.9 Schematic of Cu CMP.
38
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1.4 Consumables in CMP Processes 

There are several consumables that are used in a polishing setup including wafer, 

polishing pad, slurry, retaining ring, and pad conditioner disc. This section will discuss 

CMP slurry, polishing pad and pad conditioner disc in detail. 

1.4.1 CMP Slurry 

CMP is a process that is influenced by numerous slurry parameters such as pH, 

solution chemistry, charge type, concentration and size distribution of abrasives, 

complexing agents, oxidizers, buffering agents, surfactants, corrosion inhibitors, etc.
3, 39

 

A production-worthy CMP slurry should be able to achieve high removal rate, excellent 

global planarization, corrosion protection, good surface finish, low defectivity and 

tunable selectivity.
40

  

Typically, slurry consists of two major components: abrasive particles and 

chemical solutions. Chemicals in the slurry react with the wafer surface to form a softer 

porous layer. This layer is then removed by mechanical forces generated by abrasive 

particles as well as pad asperities. However, the chemical solutions play a different role 

in oxide and metal CMP. The chemical solution for the oxide slurry is mainly KOH or 

NH4OH based with pH > 10 and the fundamental mechanism is hydrolysis of the oxide. 

While metal slurries are acid based and the fundamental mechanism is oxidation and 

corrosion of the metal. 

In general, the chemical solutions contain oxidizers, chelating agents, surfactants, 

organic or inorganic acids or bases, inhibitors. Their functions are briefly summarized as 

follows: 
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(1) Oxidizers. An oxidizer reacts with the metal surface to raise the oxidation state of the 

material, which may result in either the dissolution of the metal or the formation of a 

surface film that is more porous and can be removed more easily by the mechanical 

action generated by abrasive particles or pad asperities. Oxidizers commonly found in 

metal CMP slurries are nitric acid, ferric salts, hydrogen peroxide and iodates. In 

general, the oxidizing ability is in the order of: H2O2 > Fe(NO3)3 > H5IO6 > KIO3.
1, 3, 

41
  

(2) Complexing/Chelating agents. These compounds bind with partial or fully charged 

species at the wafer surface. For metal CMP slurries, chelating agents react with 

metal oxides in the slurry to form a metal complex which has greater solubility than 

the oxide of the metal. As a result, this process facilitates the dissolution of the 

abraded material and thus increases removal rate. Ammonia, amino acids and organic 

acids are widely used as chelating agents in metal CMP slurry.
1, 3, 41

 

(3) Inhibitors. The purpose of adding inhibitor is to protect the polished film from 

aggressive chemical attack that may lead to a negative side reaction such as corrosion 

and passive etching. Benzotriazole (BTA) is the most commonly used inhibitor in 

metal CMP slurries.
42-44

 In addition, a vast number of publications and reports have 

been devoted to the use of 5-aminotetrazole monohydrate (ATA), 5-phenyl-1H-

tetrazole (PTA) and 1,2,4-triazole as inhibitors in Co, Ru and other metal CMP 

slurries.
45-47

  

(4) Surfactants. Surfactants are a class of chemicals that contain both hydrophobic and 

hydrophilic groups. The function of surfactant is to modify the electrical charge of 

abrasive particles to control slurry stability. Added surfactant molecules can adsorb 
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not only onto the abrasive particle but also onto the surface of the wafer to be 

polished. Therefore, surfactants can also modify the wafer surface.
1, 41

  

(5) Organic/inorganic acids or bases. They are used for controlling PH values. 

Besides the chemical solution, abrasive particles in the slurry act as the chemical 

“tooth” in the removal process. Particle shape, concentration, size and size distribution 

are some of the key parameters.
48, 49 The size of the particles typically varies between 10 

to 200 nm and the concentration of the particles in the solution ranges between 0.5 to 30 

wt%. Many particles have been used as abrasives in the CMP industry including titania, 

ziconia, alumina, silica, ceria, diamond, and organic particles. However, each type of 

particle has its own special application. For example, ceria particles have dominated STI 

CMP due to its high selectivity over silicon dioxide and silicon nitride. As increasingly 

stringent process specification for smaller technology node, silica has become the most 

commonly used particle in different applications including STI, W, Cu, ILD, and barrier 

CMP processes due to its high stability in a wide range of pH and compatibility with 

hydrogen peroxide. According to the development of silica-based slurry, application of 

silica particles in CMP slurry could be divided into two types: fumed silica and colloidal 

silica. 

In the industry, fumed silica is formed by reacting silicon tetrachloride (SiCl4) 

with hydrogen in a flame reaction at 1800 °C.
50, 51

 SiCl4 is converted to the gas phase and 

then reacts spontaneously in an oxygen and hydrogen flame with the intermediately 

formed water to produce the desired silicon dioxide. During this chemical reaction, a 

considerable amount of heat is released, which is eliminated in a cooling line.
8
 The only 



 

 

37 

 

byproduct is gaseous hydrogen chloride which is separated from the fumed silica solid 

matter. This process is shown in Figure 1.10. 

 

Figure 1.10 Synthesis of fumed silica.
51

 

Process conditions like concentration of the reactants, flame temperature, and 

dwell time of silica in the combustion chamber have strong effects on particle size 

distribution, specific surface, and surface properties. Fumed silica, as shown in Figure 

1.11, is the aggregation or agglomeration of small particles that range from 7 to 40 nm. 

Fumed silica usually has a higher hardness and a larger secondary particle size, thus it 

always leads to a high removal rate. On the other hand, because of the aggregation and 

agglomeration, fumed silica has irregular shape, which is not good for surface finish. The 

sharp parts or raised area will cause scratches or other kind of defects on thewafer surface 

during polishing. 
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Figure 1.11 TEM micrograph of fumed silica aggregates displaying the chain-like 

structure.
52

  

In contrast to fumed silica, colloidal silica is synthesized in the liquid phase. 

Typical precursors are metal alkoxides and metal chlorides, which undergo hydrolysis 

and polycondensation reactions to form a colloid. This method is called the “sol-gel 

process”, which is a wet-chemical technique used for the fabrication of both glassy and 

ceramic materials.
3
  

Si(OR)4 + 2H2O → SiO2 + 4R-OH                        (Equation 1.1) 

Most colloidal silica (as shown in Figure 1.12) is prepared with the sol-gel 

method as mono disperse suspensions with particle sizes ranging from approximately 10 

to 200 nm in diameter since smaller particles are difficult to stabilize and particles much 

greater than 200 nanometers are subjected to sedimentation. Usually, colloidal silica does 

not have a removal rate as high as the fumed silica, however, particles are spherical, 

which will cause fewer defects on the wafer surface and finally provide a good surface 

finish. 

javascript:popupOBO('CMO:0001099','C2SM25668A')
http://www.chemspider.com/Chemical-Structure.22683.html
http://en.wikipedia.org/wiki/Monodisperse
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Figure 1.12 TEM micrograph of colloidal silica.
53

 

1.4.2 Polishing Pad 

The polishing pad is another major consumable in CMP which also has a 

dominating effect on the CMP process output. Polishing pads are usually made of 

polymeric materials such as polycarbonates, nylons, polysulfones, and polyurethanes. 

The most commonly used pads are made of polyurethanes, which have balanced 

mechanical properties of strength, hardness and modulus, as well as excellent chemical 

stability.
1
 During polishing, a pad provides mechanical action through its asperities while 

contacting the wafer surface. Polishing pad also helps carry the slurry and deliver the 

slurry to the wafer surface. 

Polishing pads used in semiconductor manufacturing can be grouped in three 

classes: Class I, felts and polymer impregnated felts; Class II, microporous synthetic 
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leathers; Class III, filled polymer films. The summary of pad classifications and their 

properties are given in Table 1.1. 

Table 1.1 Summary of polishing pad classes. 
50, 54

 

 Class I Class II Class III 

Structure 

Felted fibers 

impregnated with 

polymeric binders 

Porous film coated 

on a supporting 

substrate 

Microporous 

polymer sheet 

Microstructure 
Continuous channels 

between fibers 

Vertically oriented, 

open pore 
Closs cell form 

Slurry Loading 

Capacity 
Medium High  Low 

Pad Examples Suba
TM

 
Politex

TM
 

UR100
TM

 

IC1000
TM

 

IC1010
TM

 

Compressibility Medium High  Low 

Stiffness Medium Low High 

Hardness Medium Low High 

Typical Application Si stock polish 

Si final polish, 

Tungsten CMP, 

Post-CMP buff 

ILD CMP, 

Cu CMP, 

STI CMP, 

 

Although all three pad classes are polyurethane based, each is manufactured by a 

different process. Class I and II pads are manufactured by continuous roll or web 

processes, while Class III pads are manufactured by batch processes.
41

 SEM images of 

the three types are shown in Figure 1.13. Pads of Class I and II are softer and then 

microstructures are characterized by polyester fibers, partially impregnated with 

polyurethane to leave open porosity throughout the pad surface.
41

 Typically, soft pads are 

used for barrier CMP, final buffing applications for ILD CMP and as a sub-pad for hard 

pad. Class III pads are hard pads used for ILD, W, Cu and STI CMP due to their higher 



 

 

41 

 

ability to planarize. This type of pad is essentially a closed cell foam, where the pores are 

created either by blowing or by the addition of micro-balloons. Therefore, Class III pads 

have a lower slurry carrying capacity and lower compressibility compared to Type I and 

II pads. Generally hard pads are expected to provide better local planarity since harder 

pads are not easy to conform to the topography of a polished wafer. However, softer pads 

can provide better global planarity across the entire wafer and result in a lower number of 

scratch defects.
49

  

 

Figure 1.13 Surface SEM images of (a) Class I (Suba IV 
TM

), (b) Class II (UR100
TM

) and 

(c) Class III(IC1000
 TM

) pads.
41, 55

  

In addition to pad microstructures, polishing pads used for CMP typically have 

macrostructures which usually refer to surface groove designs. Grooves are added to 

polishing pads for the following reasons:
41, 56

 

 To prevent hydroplaning of the wafer across the surface of the polishing pad, thus 

the wafer can be in intimate contact with the pad during polishing. 

 To ensure slurry is uniformly distributed across the pad surface and to deliver the 

slurry to the wafer center in order to maintain uniform material removal from 

wafer center to edge.  
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 To adjust both the overall and local pad stiffness so as to control polishing 

uniformity and planarization across the wafer surface.  

 To work as channels to remove polishing debris and heat from the pad surface so 

as to reduce the possibility of scratching and generation of other defects. . 

Commercial pads typically have concentric grooves, spiral grooves, XY grooves, 

floral grooves, logarithmic grooves and a combination of these grooves as shown in 

Figure 1.14. The choice of design depends on the film being polished, polishing 

conditions and polisher type to be used.
57, 58

 Groove depth, width, and density can be 

adjusted to tailor a pad’s mechanical properties such as stiffness and hardness.
56

 Also, 

groove design has an effect on the slurry fluid dynamic. In Chapter 5, the effect of pad 

groove width on slurry mean residence time and slurry utilization efficiency will be 

investigated. 

In addition, the life of a grooved pad depends on the depth of the grooves since 

acceptable polishing performance is possible only until the grooves have insufficient 

depth to distribute slurry, remove waste, and prevent hydroplaning. For porous pads, the 

minimum groove depth to prevent hydroplaning is about 80 µm and for non-porous pads 

is about 130 µm.
49

 As groove density and groove width increase, pad stiffness depends 

more on the thickness of the remaining ungrooved part of the pad, therefore it is 

necessary to achieve a balance between pad life and sufficient pad stiffness.
49
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Figure 1.14 Top view of pads with (a) XY, (b) concentric, (c) floral, and (d) logarithmic 

spiral grooves (figures are not drawn to scale). 
49, 59

 

1.4.3 Pad Conditioner Disc 

Pad conditioner discs are used to provide the conditioning process during CMP 

because the surface of the polyurethane pad and the pad’s physical properties can change 

during wafer polishing.
55, 60

 Pad glazing is the typical phenomenon taking place during 

polishing by which removal rates reduce over time in the absence of pad conditioning. 

Pads with a low shear modulus have a faster rate of plastic deformation and thus 
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formation of glazed areas.
61

 Without surface regeneration, the polishing ability of the pad 

is reduced dramatically because of pad glazing. Figure 1.15 shows a pad at different 

stages in its lifetime. The pad surface can be seen to be glazing after 10 min. Some dried 

slurry is also apparent on the 50 min picture.
62

 

 
Figure 1.15 Five stages in the experimental pad lifetime without conditioning.

62
 

 

Therefore, conditioning of the CMP pad is a necessary step in order to maintain 

its surface texture and to regenerate an optimized asperity structure of the pad for 

consistent polishing performance. Conditioning process involves a conditioner disc 

passing over the pad surface that regenerates the pad asperities, removing old slurry and 

restoring the pad surface to the required roughness.  

Diamond conditioner discs are widely used in current IC manufacturing (Figure 

1.17a). This type of conventional conditioner is generally manufactured by mounting 

synthetic bulk diamonds on a metal substrate using either electroplating or brazing.
63

 

Most conventional diamond conditioner discs use diamonds grit of 35 micron to 250 
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micron in size. A 4 inch disc typically has 20,000 to 300,000 diamonds.
64

 However, 

conventional discs have some limitations. Firstly, although the conventional pad 

conditioner contains regularly distributed diamond grits, the tips of the diamond grits are 

set at various heights, and therefore their dressing efficiency differs from place to place.  

Typically, about only one percent of the diamonds (called “active diamonds”) perform 

the cutting action on the pad surface during pad conditioning. Among the active 

diamonds, usually only 10 to 20 diamonds (called “aggressive diamonds”) do the 

majority of the cutting and are therefore subjected to wear. 
65, 66

 Secondly, diamond 

conditioner discs lose efficiency during the break-in or usage due to embedded diamond 

breaking, chipping or getting released (Figure 1.16).
67, 68

 Therefore, diamond conditioners 

have a short lifetime of about 50 hours. In addition, released diamonds or diamond chips 

may enter the pad-wafer interface and thus cause defects on the wafer surface which will 

reduce the product yield. 
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Figure 1.16 An example of diamond breaking (top) and release (bottom).
67

 

Because of these disadvantages of the conventional diamond disc, scientists are 

developing pad conditioners based on a new concept, referred to, here, as a CVD 

diamond-coated ceramic conditioner for next-gen application. The CVD diamond-coated 

conditioner is fabricated by depositing a diamond film by the hot filament technique on a 

ceramic substrate with regularly patterned protrusions.
63, 69

  Unlike the conventional 

conditioner with metal-bonded diamond grits, the newly developed conditioner consists 

of uniformly distributed diamond film-coated protrusions of a ceramic (Figure 1.17b). 

Some preliminary studies have showed the CVD diamond-coated conditioner has 

advantages when it comes to material removal rate, cleanliness, stability and lifetime over 

conventional electroplated or brazed CMP diamond discs.
63, 64, 69

 The precise control of 

diamond size, shape and protrusion distribution provides better dressing efficiency and 

uniformity. 
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Figure 1.17 (a) Macro- and micrographs of a conventional conditioner and the height 

distribution of diamond grits on the conditioner. (b) Macro- and micrographs of a CVD 

diamond conditioner and the height distribution of diamond protrusions on the 

conditioner.
69

  

1.5 Challenges in Modern CMP 

For any technology, there are always challenges to be faced. For the CMP 

technologist, there are three aspects in which CMP must make significant progress: (1) 
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reduction of CMP defects, (2) improvement in CMP process control, and (3) reduction of 

CMP cost of ownership. 

1.5.1 CMP Process-Induced Defects 

During CMP, surface defects are certain to occur. These can either be physical or 

chemical based defects. However, there are some defects that are common to most CMP 

processes. Indeed, scratches, slurry residues, and pits could be found in all CMP 

applications.
70, 71

 Other types of defects including chemical contaminations, ionic 

contaminations, and corrosion of metal portions on the wafer surface maybe found in 

some more complex slurry formulations.
1
 These defects cause damage to the efficiency 

of the final device, and should be minimized during the polishing process and eliminated 

by post CMP cleaning. 

(1) Scratches: A scratch (Figure 1.18a) is the most commonly seen defect after CMP. 

Scratches on the surface are mostly due to a very small number of oversized particles 

in the slurry. Therefore, it is desirable to formulate slurries with low scratch counts by 

means of particle morphology control, size control, and particle surface treatments or 

modification. 

(2) Particle Residues: Typically these residues are due to strong adhesion of some 

abrasive particles (Figure 1.18b) to the surface of the wafer. The existence of these 

particles can be due to many reasons such as suspended particles from slurries (silica, 

alumina or ceria), from polishing and cleaning tools (pad and brush) and to an extent 

from the environmental conditions in which the process is taking place. Based on the 

various surface forces like van der Waals forces and electrostatic forces, particles are 
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absorbed onto the surface. Further, in some cases they can be physically embedded 

onto the surface due to the pressure applied during the polishing process. 

 

Figure 1.18 SEM image of (a) a scratch and (b) particle residues on an oxide surface.
1
 

(3) Corrosion: Corrosion defects are very critical during the process of Cu CMP which 

can be defined as the unwanted dissolution of Cu. To enhance the removal, an 

oxidizer and a complexing agent are commonly used in the Cu CMP slurry. To 

protect the copper in the recessed area or avoid isotropic dissolution of copper, a 

corrosion inhibitor such as benzotriazole (BTA) is usually added to the slurry. BTA is 

very effective in protecting the copper surface from the corrosive attack. However, at 

high concentration, it could severely lower the copper removal rate and leave an 

undesirable organic residue on the copper surface. Therefore Cu CMP slurry needs to 

balance adequate removal rate and avoidance of corrosion effects.
72, 73

 Examples of 

corrosion defects are shown in Figure 1.19.
2
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Figure 1.19 Various forms of corrosion defects observed in Cu CMP.
2
 

(4) Dishing and Erosion: Dishing and Erosion are commonly observed in Cu CMP and 

STI CMP. Figure 1.20 illustrates the difference between dishing and erosion. Dishing 

occurs in large and isolated structures and is usually attributed to localized high 

polish rates as well as pad flexibility. Erosion occurs during polishing in large field 

areas adjacent to the edge of high density features. Erosion also can occur in the small 

space between wide lines.
2, 74, 75
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Figure 1.20 Illustration of dishing and erosion.
76

 

(5) Edge over Erosion: Edge over erosion (EOE) can be defined as extra erosion at the 

edge of an array of high metal density features in comparison to the center. The 

stagnation point at the edge could induce smaller rate of slurry replenishment thereby 

increase the local metal ion (i.e. Cu
2+

) concentration. High Cu
2+

 concentration will 

reduce the inhibitor effectiveness. It is observed that EOE is increasingly severe when 

the feature size is small (< 120 nm) and pattern density is high (>35%). 

 
Figure 1.21 Edge over erosion in copper CMP. 

(6) Mechanical Damage: Low-k and ultralow-k interconnect dielectric generally has pore 

structures and can be easily damaged under local mechanical stress, as well as the 

shear force created by polishing actions. Therefore, Cu lines may be deformed or 

broken, and the dielectric is cracked (Figure 1.22). Mechanical damage usually results 

in reliability failure and thus is a major concern in CMP.
2
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Figure 1.22 Mechanical damage observed in Cu-ultralow-k interconnect structures.
2
 

1.5.2 CMP Process Control 

CMP is not a well-controlled process in comparison to other IC manufacturing 

processes (i.e. implantation, deposition or etching) by today’s IC manufacturing 

standards. It has been widely observed that material removal across the wafer is non-

uniform.
77, 78

 Figure 1.23 shows an example of removal rate profile where the removal 

rate at the wafer edge is faster than the wafer center. This kind of within-wafer (WIW) 

variations is a critical problem that leads to a failure in planarity on a global level.
79
 

 

Several advancements have made remarkable improvements in polishing rate 

control. WIW nonuniformity can be improved by optimizing the pad and slurry used 

during the process. In addition,  new carrier head designs have provided additional knobs 

to control across-wafer nonuniformity by varying the distribution of backside wafer 

pressure.
1, 80, 81
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Another random variation involved in CMP process is wafer-to-wafer (WTW) 

variation. WTW variation is controlled by the use of end-point detection systems. End-

point detection is only successful in processes where a change in the films on the wafer 

surface leads to an abrupt change in the optical or mechanical properties of the wafer 

surface since end-point detection is based on frictional change or reflectivity 

measurements.
82, 83

 For example, Cu CMP end point is easy to detect by optical means 

because of the large difference in reflectivity between the Cu film and the barrier films. 

In contrast, end-point detection for small amounts of ILD removal is difficult due to the 

lack of change in the wafer surface or the wafer-pad interface.
1
  

 

Figure 1.23 Example of removal rate profile.
84

 

 

1.5.3 Cost of Ownership and Environmental Considerations 

CMP is one of the most expensive processes in semiconductor manufacturing 

today because the run rates and availability of CMP are low when compare to other 



 

 

54 

 

processes and the consumption of consumables is high. Components of the cost of 

consumables in CMP include slurry, polishing pads, conditioners, PVA brushes, slurry filters 

and post CMP cleans. A pie-chart (Figure 1.24) depicts how these factors generally 

contribute in the cost of consumables. 

As shown in Figure 1.24, the cost of slurry makes up about 49% of cost of 

consumables associated with CMP. Therefore reducing the consumption of slurry will be 

a direct and effective method to reduce the cost of ownership (CoO) for each CMP 

process. In most commercially available CMP polishers, slurry is applied near the pad 

center. As the pad rotates during polishing, a large amount of fresh slurry flows spins and 

directly off the pad surface without entering the pad-wafer interface and thus leads to low 

slurry utilization efficiencies, that range from 2 to 22 percent.
85

 Chapter 5 of this 

dissertation will discuss the importance of optimum slurry injection schemes where we 

propose a new injection system which can reduce the slurry consumption. Besides slurry, 

the polishing pad is another expensive consumable. Therefore, optimizing pad groove design 

to increase pad life is also very important to reduce CoO for CMP. 
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1.9% 
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PVA brushes
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Figure 1.24 Major factors contributing to CMP consumables.
86

  

On the other hand, Environmental Health and Safety (EH&S) concerns are also 

significant in CMP. Slurries contain hazardous chemicals and spent slurries may contain 

metal elements including Cu, In, Ga and As which may cause heavy metal pollution and 

dangerous condition. Thus, optimizing CMP processes, improving process control and 

reducing the consumption of consumables will contribute to the EH&S concern.  

1.6 Research Motivation and Goals  

The primary motivation of this dissertation is to understand the fundamentals of 

CMP processes, and attempt to explore solutions to the modern CMP challenges outlined in 

Section 1.5. Fundamental studies help understand tribological, kinetic and thermal 

mechanisms in CMP. Experimental results can be beneficial not only by achieving 

improved polishing performance but also by addressing the CoO and environmental 

problems. There are three primary studies in this dissertation (presented in separate 

chapters). The motivation and goals of each study are described below: 

 

 Mean Residence Time and Dispersion Number Associated with Slurry 

Injection Methods in CMP (Chapter 4): In most commercially available CMP 

polishers, slurry is applied near the pad center. As the pad rotates during 

polishing, a large amount of fresh slurry flows directly off the pad surface 

without entering the pad-wafer interface. It is fair to say that the current 

standard pad center slurry application method does not provide efficient slurry 

utilization and leaves significant room for improving polishing performance. 

This study investigates two variants of a novel slurry injection system (SIS) 
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that share a common feature to efficiently introduce fresh slurry into the pad-

wafer interface. For each system, silicon dioxide removal rate, mean pad 

surface temperature and mean pad-slurry-wafer COF are measured. The 

classical residence time distribution (RTD) technique is used to calculate 

slurry MRT and dispersion number. Results, when compared to the standard 

pad center slurry application method, help confirm the main mechanism 

responsible for the enhanced removal rate associated with the SIS.  

 

 Effect of Pad Groove Width on Slurry Mean Residence Time (MRT) and 

Slurry Utilization Efficiency in CMP (Chapter 5): Different pad groove 

designs are used to transport fresh slurry into the pad-wafer interface. Pad 

groove width is an important factor that impacts slurry flow during wafer 

polishing. However, no experimental study has been performed to illustrate 

the effect of groove width on slurry mixing and transport in the pad-wafer 

interface. In this study, MRT was obtained for three concentrically grooved 

pads with different grooves widths at different polishing pressures using the 

residence time distribution (RTD) technique. Results illustrated how groove 

width affects slurry mixing and transport in the pad-wafer interface. In 

addition, slurry utilization efficiency was calculated to show that the pad 

groove width can be optimized to increase slurry utilization and minimize 

slurry usage for CMP processes. 
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 Effect of Pad Surface Micro-Texture on Removal Rate during Tungsten CMP 

(Chapter 6): Polishing pad plays a critical role in the CMP process and 

impacts polishing performance such as material removal and defect formation. 

The objective of this study is to investigate the effect of pad surface micro-

texture in tungsten CMP. Two different conditioner discs are employed to 

generate different pad surface micro-textures during polishing. For each disc, 

several 300-mm tungsten wafers were polished and then removal rate, COF 

and pad surface temperature are measured. In addition, pad surface micro-

texture in terms of pad contact area percentage and abruptness were analyzed 

by using laser confocal microscope, and its effect on removal rate and COF 

was evaluated. 
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CHAPTER 2                                                                                     

EXPERIMENTAL APPARATUS 

 

In this dissertation, two major CMP systems and several analytical tools are used. 

The two major CMP systems are the Araca APD-500 and APD-800 polishers and 

tribometers. They are described in detail in Sections 2.1 and 2.2, respectively. Taser 

scanning confocal microscope is described in detail in Sections 2.3, and the film 

thickness analytical tools are described in detail in Sections 2.4. 

 

2.1 APD–500 Polisher and Tribometer  

The APD-500 is a single-platen polisher and tribometer designed for 100 and 200 

mm wafer polishing applications. It has the ability to accurately measure shear force and 

down force in real-time during polishing. Force data are analyzed to provide fundamental 

characterizations of the tribological attributes of CMP processes. The hardware 

components of the APD-500 are shown in Figure 2.1, and their functions are listed in 

Table 2.1. 
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Figure 2.1 The APD-500 polisher and tribometer. 

Table 2.1 The APD-500 hardware components and their functions. 

Part Part Name Function 

A Wafer carrier system See sections 2.1.2 for more details 

B Conditioning system See sections 2.1.3  for more details 

C Signal amplifiers Reset and amplify force signal 

D Right panel See sections 2.1.1  for more details 

E Control panel Control hardware operation 

F Front panel See sections 2.1.1  for more details 

G Platen See sections 2.1.5  for more details 

H Polisher base Support platen 

I Slurry/water tank and pump Store and pump slurry/water 

2.1.1 Front and Right Panels 
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The front panel of the APD-500 is shown in Figure 2.2. Functions of each 

component are listed in Table 2.2. 

 
 

Figure 2.2 The front panel of the APD-500. 

Table 2.2 Parts and functions of the APD-500 front panel. (APD-500 operations manual) 

Part Part Name Function 

A Secondary ON switch 
Turn on tool power after the primary “On Off” 

switch is turned on 

B Secondary OFF switch 
Turn off tool power before the primary “On 

Off” switch is turned off 

C Emergency stop button 
Stop polisher operations immediately in case 

of emergency 

D Manual/auto run switch Switch run mode between manual and auto 

E Auto run START button Start polishing sequence for auto run mode 

F Auto run STOP button 
Stop polishing sequence for auto run mode; 

reset tool after alarm deactivation 

G Tank agitator switch Mix slurry in the tank 

H Output data channels Output data to data acquisition board 

The right panel of the APD-500 is shown in Figure 2.3. Functions of each 

component are listed in the Table 2.3. 
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Figure 2.3 The right panel of the APD -500. 

Table 2.3 Parts and functions of the APD-500 right panel. (APD-500 operations manual) 

Part Part Name Function 

A Signal amplifier Reset and amplify force signal 

B Operation status light 
Indicate tool operation status with or without 

error 

C Control panel Control tool operation 

D Primary ON/OFF switch Turn on and off tool power 

 

 

2.1.2 Wafer Carrier System 

The wafer carrier system generally has two major functions. First, it applies a 

certain amount of down force to the wafer against a polishing pad. Secondly, it helps 
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rotate the wafer during wafer polishing. Figure 2.4 shows the wafer carrier system of the 

APD-500. It consists of the vacuum pressure lines, carrier head motor, hydraulic piston, 

pressure chamber, and carrier head. The carrier head motor and hydraulic piston are 

installed for the rotation and vertical movement of the carrier head. There are two 

separate vacuum-pressure lines installed in the wafer carrier system. One line is used to 

apply pressure to the ceramic template shown in Figure 2.5, which applies down force to 

the wafer during polishing. The other line is used to provide vacuum to hold the 

polycarbonate wafer template (Figure 2.6).  

Figure 2.6 shows the polycarbonate template with a backing film designed for 

holding a 200 mm wafer during polishing. The backing film consists of a sheet of carrier 

film and a retaining ring. The carrier film is a porous material. Therefore, the wafer can 

be held in place through capillary forces generated by the wetted carrier film.
76

 The 

retaining ring is used to prevent the wafer from slipping away during polishing. The inner 

diameter of the wafer template is slightly larger than the diameter of the ceramic template 

so that the wafer template can be loaded and removed easily. After attaching the wafer 

template to the ceramic template, the vacuum line is turned on to hold the wafer 

template.
49
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Figure 2.4 Wafer carrier system of the APD-500. 

 

  

Figure 2.5 Ceramic template of the carrier head. 
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Figure 2.6 (a) The polishing side and (b) back side of the wafer template with backing 

film for 200 mm wafer CMP. 

 

 

2.1.3 Pad Conditioning System 

During CMP, conditioning is used to maintain pad surface texture and to 

regenerate an optimized pad asperity structure for good and consistent polishing 

performance. The pad conditioning system of the Araca APD-500 is shown in Figure 2.7. 

A pad conditioner motor is installed for the rotation of the pad conditioner, also, the pad 

conditioner sweeps on the pad radially during polishing. The sweep schedule is sectioned 

into 10 different zones. Users can input the length of the zone as well as the sweeping 

speed or the dwelling time in each defined zone. The default conditioning down force is 6 

lb. force which equals the total weight of the conditioner head and the metal rod. 

Different conditioning down forces can be applied by placing additional dead weight on 

top of the conditioner head. 
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Figure 2.7 Conditioning system of the Araca APD-500. 

 

2.1.4 Slurry Distribution System  

The slurry/water distribution system for the Araca APD-500 mainly consists of 

tanks, peristaltic pumps and delivery nozzles. Three independent slurry tanks as shown in 

Figure 2.8 are used to constantly mix the slurry. Then slurry/water is pumped using 

peristaltic pumps and transported onto the pad surface by delivery nozzles shown in 

Figure 2.9. 
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Figure 2.8 Slurry/water tanks of the APD-500. 

 

 

Figure 2.9 Slurry/water delivery nozzles. 

2.1.5 Polishing Platen System and Load Cells 

The polishing platen shown in Figure 2.10 provides two basic functions in CMP: 

It serves as a base for the polishing pad, and it rotates counter clockwise during wafer 

polishing. The platen is made of stainless steel, which is chosen to minimize corrosion 

from chemicals in the slurry.
49

 There are four load cells under the polisher base used to 
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measure applied down force during polishing. The front two load cells are shown in 

Figure 2.10, and the other two are located on the backside corners. During polishing, the 

load cell converts the actual force into a voltage signal. The voltage signal is then 

transmitted to an amplifier and then the output signal is used for data acquisition 

recording. The applied force is linearly correlated with the voltage signal. The actual 

down force applied on top of the polishing pad is reported as the summation of the four 

load cells.  

 

Figure 2.10 The polishing platen of the APD-500. 

Besides measuring down force, the APD-500 also has the ability to acquire, in 

real-time, shear force generated between the wafer and pad surface by installing two load 

cells (Fx and Fy) in the wafer carrier system (Figure 2.11). It should be noted that the 

shear force in the X direction is not significant during polishing because of the particular 

configuration of the APD-500, which maximizes the shear force in the Y direction during 
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polishing.
49

 Figure 2.13 is an example of the shear force measurements during wafer 

polishing. The values of the Fx are near 0 lbf, therefore, one can only use the shear force 

reported by the Fy load cell to represent the actual shear force.
49

 

 

Figure 2.11 The load cells in X- and Y-direction of the APD-500.
18

 

 

 

Figure 2.12 Example of shear force and down force measured by load cells.
18

 

 

2.1.6 Data Acquisition and Analysis Program 

The data acquisition program for the APD-500 is written in LabView®. The 

program has two sub-programs: a polishing measurement program and a conditioning 
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down force program. If in-situ conditioning is performed during polishing, it is necessary 

to measure the conditioning down force before polishing tests. This  is  due  to  the  fact  

that  the  down  force  measured  during  polishing  includes  the conditioning  down  

force.  Therefore,  the  conditioning  down  force  must  be  subtracted from  the 

measured  down  force  to  obtain  the  actual  wafer  polishing  force.  The polishing 

measurement program, as shown in Figure 2.13, is used to acquire the polishing 

parameters in real-time during wafer polishing. The collective data includes: 

 Forces  

 Slurry flow rate  

 Velocity  

 Conditioner position  

 Conditioner oscillation  

All collected data then is analyzed using data analysis program to calculated COF and 

mean temperature. 
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Figure 2.13 Data Acquisition Program for APD-500. 

 

 

 

2.1.7 Tools Specifications 
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Tool and major hardware specifications for the APD-500 polisher and tribometer 

are listed in Table 2.4. 

Table 2.4 The APD-500 components specifications. (APD-500 operations manual) 

 

2.2 APD–800 Polisher and Tribometer 



 

 

72 

 

As an advanced version of the APD-500, the Araca APD-800 is a single-platen 

polisher and tribometer designed for 200 and 300 mm wafer CMP. Similar to the APD-

500, the APD-800 has the ability to accurately measure shear force and down force in 

real-time during polishing. Force data are analyzed to provide fundamental 

characterizations of the tribological attributes of CMP processes. The main hardware 

components of the APD-500 are shown in Figure 2.14, and their functions are listed in 

Table 2.5. 

 
Figure 2.14 The APD-800 polisher and tribometer. 

Table 2.5 The APD-800 hardware components and their functions 

Part Part Name Function 
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A Wafer carrier system 

Operate rotation and vertical movement of 

wafer carrier. See sections 2.2.2 for more 

details 

B Conditioner carrier system 

Operate rotation and oscillation of 

conditioner carriers. See sections 2.2.3 for 

more details 

C Control panel 
Control hardware operation. See sections 

2.2.1 for more details 

D Signal amplifiers Reset and amplify force signal from load cells 

E Down force load cells Measure real-time down force 

F Platen See sections 2.2.5 for more details 

 

2.2.1 Control Panel 

Figure 2.15 is the photography of APD-800 front panel. Components and their 

functions are listed in Table 2.6.  

.  

Figure 2.15 The front panel of the APD-800.
87 

Table 2.6 Components and functions of the APD-800 front panel. (APD-800 operations 

manual) 

Part Component Function 
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A Control panel Control hardware operation 

B ON switch 
Turn on APD-800 after the primary “ON/OFF” 

switch is turned on 

C OFF switch 
Turn off APD-800 before the primary 

“ON/OFF” switch is turned off 

D Emergency stop switch 
Stop polisher operations immediately in case of 

emergency 

E Auto run STOP switch 
Stop polishing sequence for automatic run set-

up; reset tool after alarm deactivation 

F Auto run START switch 
Start polishing sequence for automatic run set- 

up 

G Manual/auto run switch Switch run mode between manual and auto  

H USB connector Connect APD-800 to the PC 

I 
Shear force conditioner and 

amplifier 

Reset and amplify shear force signal from load 

cell 

J 
Down force conditioner and 

amplifier 

Reset and amplify down force signal from load 

cell  

 

2.2.2 Wafer Carrier System  

The wafer carrier system is mainly used to apply a certain amount of down force 

to the wafer against a polishing pad. Figure 2.16 shows the wafer carrier system of the 

APD-800. It consists of the vacuum pressure lines, carrier head motor, pressure chamber, 

and carrier head. There are two separate vacuum-pressure lines installed inside the wafer 

carrier system. One line is used to apply pressure to the ceramic template shown in Figure 

2.17, which applies down force to the wafer during polishing. The other line is used to 

provide vacuum to hold the polycarbonate wafer template. 
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Figure 2.16 Wafer carrier system of the APD-800. 

 

 

Figure 2.17 Ceramic template of the carrier head. 

2.2.3 Pad Conditioning System 
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Same with the APD-500, there is a pad conditioning system installed to maintain 

pad surface texture and consistent polishing performance. As shown in Figure 2.18, the 

rotary  motor and the hydraulic piston are designed for the rotation and vertical 

movement of the conditioner, respectively.
18

 In addition, a vacuum pressure line is used 

to apply pressure to the conditioner through the pressure chamber (Figure 2.19).
88

 During 

conditioning, the pad conditioner sweeps on the pad radially during polishing. The sweep 

schedule is sectioned into 10 different zones. Users can input the length of the zone as 

well as the sweeping speed or the dwelling time in each defined zone. 

 
Figure 2.18 The pad conditioning system of the APD-800. 
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           Figure 2.13: Pressure chamber of the pad conditioning system. 

2.2.4 Pad Surface Temperature Measurement System 

Since material removal rate is sensitive to pad surface temperature during a 

chemically limited CMP process,
89, 90

 the APD-800 is equipped with an infrared gun used 

to measure pad surface temperature. The exact point of measurement is at the wafer 

center track near the leading edge of the carrier head as shown in Figure 2.19. 

 

Figure 2.19 Infrared gun and slurry/DI water delivery tubes. 

2.2.5 Polishing Platen System and Load Cells 
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The polishing platen shown in Figure 2.20 provides two basic functions in CMP: 

It serves as a base for the polishing pad, and it rotates counter clockwise during wafer 

polishing. The platen is made of stainless steel, which is chosen to minimize corrosion 

from the chemicals in the slurry.
49

 As mentioned previously, the APD-800 is capable of 

acquiring real-time shear force and down force during polishing. To measure the applied 

down force during polishing, four load cells are installed at the bottom of the platen 

assembly (one at each corner). Figure 2.20 shows the front two load cells and Figure 2.21 

illustrates the location of the four load cells from the top view. The down force is 

reported as the summation of forces form these four load cells. 

 

 

Figure 2.20 The polishing platen system of the APD-800. 
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Figure 2.21 Location of the four load cells for down force measurement.
59

 

To measure the shear force between the wafer and the pad, a sliding table was 

placed beneath the scaled polisher. The sliding table (Figure 2.22) consists of a bottom 

plate held stationary by its attachment to the steel table, and an upper plate is movable.
91

 

During polishing, the upper plate slides with respect to the bottom plate in only one 

direction (i.e. the x direction). Therefore, the shear force is reported by the Fx load cell. 
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Figure 2.22 Shear force measurement system of the APD-800. 

During polishing, the load cell converts the actual force (i.e. down force and shear 

force) into a voltage signal. The voltage signal is then sent to a data acquisition board. 

The relationship between the shear force and voltage signal is pre-calibrated by the 

manufacturer. Figure 2.23 shows the shear force and the down force measured during 

polishing by the APD-800. In the figure, the red curve represents the shear force and the 

green curve represents the down force, respectively. 

 

Figure 2.23 Example of shear force and down force measured during polishing. 

2.2.6 Data Acquisition Program 
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Same as the APD-500, the data acquisition program for the APD-800 is written in 

LabView®. The data acquisition program has two sub-programs (Figure 2.24): a 

polishing measurement program and a conditioning down force program. . If in-situ 

conditioning is performed during polishing, it is necessary to measure the conditioning 

down force before polishing tests. This  is  due  to  the  fact  that  the  down  force  

measured  during  polishing  includes  the conditioning  down  force.  Therefore,  the  

conditioning  down  force  must  be  subtracted from  the measured  down  force  to  

obtain  the  actual  wafer  polishing  force. The polishing measurement program is used to 

acquire the polishing parameters in real-time during wafer polishing. The collective data 

includes: 

 Temperature (ºC) 

 Shear force (lbf) 

 Down force (lbf) 

 Flow rate (ml/min) 

 Pad velocity (RPM) 

 Wafer velocity (RPM) 

 Conditioner velocity (RPM) 

 Conditioner position (mm) 

 Conditioner oscillation (count/min) 

 Conditioner motor current (A) 

 Platen motor current (A) 

 Carrier motor current (A) 
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Figure 2.24 Data acquisition program for APD-800. 

 

 

 

2.2.7 Tool Specifications 

The APD-800 and major component specifications are listed in Table 2.7. 

 

Table 2.7 The APD-800 component specifications (APD-800 operations manual). 
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2.3 Laser Scanning Confocal Microscope 

Confocal microscope is an optical imaging technique allowing the collection of 

light exclusively from a single plane by adding a spatial pinhole. It enables the 

reconstruction of 3D structures from the obtained images. This technique has gained 
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popularity in the scientific and industrial communities and typical applications are in life 

sciences, semiconductor inspection and materials science.
92

 In this dissertation, pad 

surface topography and pad surface contact area are analyzed by a Zeiss LSM 510 META 

laser confocal microscope (shown in Figure 2.25). 

 

Figure 2.25 Zeiss LSM 510 META laser confocal microscope.
93

 

2.3.1 Working Principles 

In a confocal laser scanning microscope, as illustrated Figure 2.26, a laser beam 

excited by argon with 488 nm wavelength passes through a beam splitter and then the 

reflected light is focused by an objective lens into a small focal volume within or on the 

surface of the sample. After interacting with the sample, the reflected laser light is then 

re-collected by the objective lens and part of the reflected light transmits through the 

beam splitter. The transmitted light from the beam splitter focuses on the pinhole through 

another objective lens. Therefore, only the light reflected from the plane of focus can pass 

through the narrow pinhole. Signals from above and below the plane of focus fall outside 

the pinhole and are blocked. The smaller the pinhole, the less light from out-of-focus 
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areas will reach the detector. After passing a pinhole, the light intensity is detected by a 

photomultiplier tube (PMT), transforming the light signal into an electrical one that is 

recorded by a computer. At any given instant, there never is a complete image of the 

sample; only one point of the sample is observed. The laser beam scans the sample point 

by point and line by line by moving the scanning mirrors across the sample in x and y 

directions so that the detector builds up the image pixel by pixel. After finishing one 

object plane, the laser beam can scan another plane of interest by raising or lowering the 

sample stage or objective lens (i.e. 1-2 µm). A high resolution 3D image is finally 

achieved by adding a stack of scanning object planes of a sample.
94, 95

  

Figure 2.27 is an example of the pad topographic image collected by laser 

confocal microscope. In the topographic image, the blue color areas refer to relatively 

lower levels of the pad surface corresponding to the pore structure of the pad, while the 

red color area refers to relatively higher levels of the pad surface corresponding to pad 

asperities. In addition, pad surface height probability density function, pad surface 

abruptness and surface summit curvature can be extracted from the topographic data.
96, 97

 

How these parameters contribute to the polishing performance will be illustrated in detail 

in Chapters 6 and 7. 
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Figure 2.26  Illustration of the fundamental principle of laser scanning microscope.
93

 

 

Figure 2.27 Example of polishing pad topography image collected using confocal 

microscope. 

2.3.2 Analysis of Contact Area 
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In this dissertation, laser scanning confocal microscope is also selected to measure 

the contact information between pad-wafer interfaces due to its high resolution at a single 

focal plane.
98

 To measure the pad-wafer contact area, a customized sample holder was 

invented. Figure 2.28 and show the photograph of the sample holder. A sapphire window 

is selected to work as a “wafer” to simulate the pad-wafer because the sapphire material 

is transparent and has a similar index of refraction with the polyurethane (i.e. pad 

material).
99

 The pad sample to be analyzed is placed face down to the sapphire window, 

and then a certain load is applied on the back side of the pad sample. The load applied to 

the pad sample can be adjusted by adding or subtracting metal pieces. After loading the 

pad sample, the sample stage holder together with the sample is attached to the confocal 

microscope on the top of the objective. The pad-wafer contact is observed through the 

transparent window and the contact image is then extracted. 

 

Figure 2.28 Photograph of the sample holder. 

Figure 2.29 illustrates the light reflection and refraction phenomena at the 

sapphire window-pad interface. Sapphire is selected so as to simulate the pad-wafer 

contact during CMP. Since its refractive index is similar to that of a polyurethane pad. As 
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such, according to the Snell’s Law,
100

  at the contact points, light incident on a contact 

region is therefore not reflected back, producing a black area in the contact image. While 

light incident on the non-contact areas is reflected back, producing an even grey area in 

the reflected image. Reflections from the sapphire/air and air/pad interfaces can interfere, 

black and white pattern in the reflected image are produced (zebra stripes). Therefore, the 

near contact regions appear as zebra stripes in the reflected image. 

 

Figure 2.29 Illustration of light reflection and refraction at pad-wafer interface.
98

 

Figure 2.30 shows an example of a pad-wafer contact image for a D100 K-groove 

pad at 2 PSI obtained from the laser confocal microscope. In the image, areas with an 

even gray color are located substantially below the sapphire interface. Contact areas are 

black spots. Constructive and destructive interference in the near-contact areas produces 

‘‘zebra stripes’’, which are associated with relatively flat areas of the pad. From the 

contact image, contact area percentage was calculated by dividing the measured contact 

area over the total analyzed pad surface area. Contact area greatly impacts polishing 

performance and its role in CMP will be illustrated in Chapter 6. 
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Figure 2.30. An example of a reflection image collected at the pad–wafer contact region 

using the laser confocal microscope. 

 

 

 

2.4 Film Thickness Analytical Tools 

In this dissertation, film thickness was measured before and after polishing to 

determine material removal rate. The metal film thickness is measured by an Advanced 

Instrument Technology (AIT) CMT-SR5000 sheet resistance measurement system. Oxide 

film thickness is measured by a SENTECH Film Thickness Probe (FTP) reflectometer. In 
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this section, the fundamental principles of these two measurement systems will be 

discussed in detail. 

2.4.1 Sheet Resistance Measurement System 

The CMT-SR5000 (shown in Figure 2.31) is a high precision system equipped to 

measure the sheet resistance of different metal thin films. The measurement accuracy is ± 

0.5% and the measurement repeatability is ± 0.15% (AIT CMT-SR5000 operation & 

service manual). The relation between sheet resistance and film thickness is described as: 

   
 

 
 

 

 
                                          (Equation 2.1) 

where    is sheet resistance,   is the resistance of the measured film material, t is film 

thickness,    is the length of the cross-sectional area and   is the width of the cross-

sectional area. For a square slab,     and then the film thickness can be calculated. 

  
 

  
                                            (Equation 2.2) 

The sheet resistivity of the film is very easy to measure experimentally using a 

"four point probe". The working principle of the four-point probe is shown in Figure 2.32. 

A current is passed through the outside two probes and induces a voltage in the inside 

two voltage probes. If the spacing between the probe points is constant, and the 

conducting film thickness is less than 40% of the spacing, based on Maxwell’s field 

equations, the sheet resistance is given by Equation 2.3.
35

 With the value of Rs, the 

thickness of the film can be calculated from Equation 2.2.  
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                               (Equation 2.3)      

 

Figure 2.31 AIT CMT-SR5000 sheet resistance measurement system. 

 
Figure 2.32 Four-point probe sheet resistance measurement. 

2.4.2 Reflectometer 

Different from metal films, the silicon dioxide and silicon nitride film thicknesses 

are measured via a SENTECH Film Thickness Probe (FTP) reflectometer (shown in 

Figure 2.33) which is able to measure the spectral reflectance of substrates, single films and 

layer stacks. In this system, the substrate/film to be measured is firstly illuminated by a 

light beam with a certain wavelength. As rays reflected from the top and bottom 

interfaces of the thin film can be in-phase or out-of-phase, they will interfere either 

constructively or destructively.
87

 As such, a characteristic reflectance spectrum is formed. 
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This spectrum is a function of the film thickness (t), refractive index (nr) and extinction 

coefficient (ke) of the film and the substrate. To determine film thickness, the software 

calculates a reflectance spectrum theoretically by fitting the values of the film properties 

(i.e. t, nr, ke) until the calculated reflectance spectrum matches the measured one. 

Therefore, the optimized film thickness is obtained and reported.  

 

 Figure 2.33 SENTECH FTP reflectometer. 

.   
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CHAPTER 3                                                                                        

GENERAL THEORY 

 

3.1 Removal Mechanisms 

In order to fundamentally understand the nature of each polishing process, both 

the chemical and the mechanical effects should be taken into account during polishing. 

The Kaufman theory is a widely used theory to describe the general material removal 

mechanism in different CMP processes.
31

 Chemicals in the slurry react with wafer 

surface to form a passive film, which usually is softer than the original film to be 

polished and then this softer film is removed by mechanical forces generated by pad 

asperities or abrasive particles in the slurry. In fact, the polishing mechanism for different 

materials is quite different from each other, and this section will discuss the mechanisms 

involved in oxide and W CMP in detail. 

3.1.1 Oxide Removal Mechanism 

The fundamental aspect of oxide polishing mechanism is hydrolysis. Most 

polishing mechanisms were proposed by studying glass polishing.
101

 Izumitani
102

 

proposed that a soft hydrated layer was first formed on the surface of SiO2, this layer 

could be easily polishing away by hard fine abrasive particles. The formation of the 

hydrated layer has been further studied by Tomozawa et al. who confirmed the formation 

of the hydrated layer and also identified the presence of 100Å thick hydrated layer on the 

surface of SiO2.
103

 After that, although there have been several proposed theories about 

the polishing mechanisms of SiO2, none of them fully explained the process that actually 

occurs during polishing. One of the widely accepted mechanisms was developed by 
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Cook.
8
 According to this mechanism, oxide surfaces first react with water to form several 

surface silanol groups (Si-OH). Followed by the dissolution of silica due to the formation 

of Si(OH)4 where all four bridging oxygen atoms are hydrated.
104

 Si(OH)4 is more fragile 

compared to SiO2, and it can be removed by the abrasive particles. This process is 

controlled by the pH and the diffusion of water under an applied pressure. Therefore, for 

the system with a pH value higher than 9, there is a catalytic effect on the formation of 

hydroxyl groups where removal rate reaches its highest value. The surface reaction 

occurring during the polishing process can be described as: 

                                                  (Equation 3.1) 

3.1.2 W Removal Mechanism 

Tungsten CMP slurry chemistry is more complex than oxide CMP slurry. 

Abrasives in a well pH controlled solution are not able to remove the tungsten due to the 

hardness and the relative inertness of tungsten. Therefore, an oxidizer is added into the 

tungsten CMP slurry to overcome such difficulty.
105

 The earliest W slurry contained 

alumina as abrasive particles and ferric nitrate as the oxidizer, while today’s slurries for 

W CMP contain silica as the abrasive particles and hydrogen peroxide as the oxidizer.
2
 In 

1991, Kaufman et al. proposed the first widely accepted removal model for W CMP 

process.
31

 According to this model (shown in Figure 3.1), an oxide film (passivated layer) 

was formed on the W surface due to the oxidizing nature of the slurry. This passivated 

layer was considered to be softer than the un-passivated metal and could be removed by 

the mechanical abrasion generated by abrasive particles and the polishing pad. Thus, the 

removal of W film occurs by the repetition of these steps. 
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For the slurry containing ferric nitrate as the oxidizer, the general reactions on the 

W surface can be described as: 

                
                              (Equation 3. 2) 

                                             (Equation 3. 3) 

Kaufman et al. suggested that the removal rate was dependent on pH and relative 

pad-wafer velocity due to the hydrogen ion formation and transport rates. 

 

 

 

Figure 3.1 The model proposed by Kaufman for tungsten removal during CMP.
31
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On the other hand, the oxidizing action of H2O2 based slurries with silica 

abrasives is very different. Lim et al.
106

  have compared the differences of W oxide in 

H2O2 and Fe(NO3)3 based slurry at pH 1.5. The results indicated that a thin but dense 

oxide layer formed in the slurry containing Fe(NO3)3 is mainly comprised of WO3. While 

for the slurry with H2O2, a thick and porous layer was formed on the W surface. XPS data 

showed the growth of peaks corresponding to W oxide of WO2 and WO, but peaks 

corresponding to WO3 were absent. Thus, the oxidation reaction on the W surface in a 

H2O2 based slurry can be described as: 

                                                  (Equation 3.4) 

                                                 (Equation 3.5) 

                                                (Equation 3.6) 

The H2O2 based slurry performed the best in slurry evaluations.
3
 However, it has 

a shorter pot life when compared to slurries with Fe(NO3)3 based. Generally, A Fe(NO3)3 

based slurry can last more than 6 months without significantly reduction of removal rate. 

The H2O2 based slurry has a poor stability and loses 50% removal rate in only 100 h due 

to the decomposition of H2O2. Therefore, in-situ mix is required to run H2O2-based 

slurry.
3, 50

 

 

3.2 Tribology in CMP 
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Tribology is the science of friction, lubrication and wear. CMP requires material 

removal while keeping consumables wear under control. Surfaces of the wafer and the 

pad, together with the slurry between them constitute a tribological system. Tribological 

study in such three-body interaction provides more effective approaches to understand 

removal mechanisms.  

3.2.1 Frictional force and COF 

The wafer is pressed by a certain downforce against the pad during the CMP 

process. Both the carrier head and the platen spin in a counter-clockwise fashion. 

Frictional force from pad rotation transports slurry, chemicals and the abrasive particles 

into the pad-wafer interface via pad trench grooves, and the pad surface as well as the 

retaining ring. In the pad-wafer interface, an example of the three-body interaction 

involving a wafer, a pad and the slurry abrasive particles is shown in Figure 3.2. Such an 

interaction typically causes two types of force. Similar to traditional frictional force 

definition, the force from the down pressure against the pad is called down force and the 

tangential force which applies shear stress is called shear force. The ratio of shear force 

(      ) to the down force (     ) is defined as the coefficient of friction (COF):
91

 

     
      

     
                                  (Equation 3.7) 

Frictional force and COF are usually employed to study the tribological attributes 

during CMP. For example, as shown in Figure 3.2, slurry abrasive particles contact the 

pad and the wafer simultaneously. The material on the wafer surface is removed 
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mechanically while the pad surface feature collapses and wears. Several works have 

shown a strong correlation between COF and removal rate.
98, 107-109

 

 

Figure 3.2 Schematic representation of three-body abrasions in CMP.
110

 

Since frictional force and COF are critical parameters foo understanding the 

tribological attributes, accurate measurement is a prerequisite to understand a specific 

process. In this dissertation, all tests are performed on an Araca APD-500 and APD 800 

polisher and tribometer which has been discussed in Section 2.1 and 2.2 in detail. The 

frictional force is measured by load cell sensors and the signals are transferred to the 

LabView software powered by Araca for further processing. Since CMP often lasts 1-2 

minutes for each wafer, COF data are collected at a certain frequency (i.e. 1000 Hz). 

Therefore, the tribological attributes of a certain CMP process can be presented either by 

the average or the instantaneous COF as function of polishing time. The average COF for 
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any series of polishes are calculated using Equation 3.8 where      refers instantaneous 

COF:
111

  

   ̅̅ ̅̅ ̅̅  
 

 
∑     

 
                                  (Equation 3.8) 

Figure 3.3(a) shows an example of friction force as function of polishing time 

during Ta/TaN CMP.
112

 As the barrier layer in copper damascene process, Ta/TaN is 

deposited on the ILD material before copper deposition. The Ta/TaN layer prevents 

copper from diffusion and also improves copper adhesion.
113

 Figure 3.3(b) show the 

corresponding COF as function of time. In this case, the COF signal indicates the 

transition period during the Ta/TaN CMP. When the Ta/TaN is removed and ILD layer is 

exposed, the COF provides unique fingerprinting thus can be used as monitor in real-time 

polishing.  
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Figure 3.3 Real-time (a) shear force, down force and (b) COF as a function of polish time 

during Ta/TaN clearing process.
112

 

Variance of shear force is defined as the fluctuating component of the shear 

force.
114

 The shear force signal can be divided into two components: the mean shear force 

 , and its fluctuating component,     , where 

                                             (Equation 3.9) 

The fluctuating component      is mostly the result of stick-slip phenomena 

which occur when pad asperities first get physically attached to the rotating wafer surface, 

and only after the local shear force exceeds a certain amount, the asperities abruptly 

detach and slip away from the wafer surface. Depending on the specific pad micro-

texture (i.e., individual asperity height, density and radius of curvature), such phenomena 

can take place at certain identifiable frequencies which can be analyzed from the raw 
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shear force data (Figure 3.4a). By performing Fast Fourier Transformation (FFT), the 

fluctuating component of the shear force can be converted from time domain (Figure 3.4b) 

into frequency domain (Figure 3.4c and Figure 3.4d).
114

 Such fingerprint frequency 

distribution can be used to detect pad surface micro-texture variation,
115

 improve pad 

design,
116

 and measure ILD slurry abnormality.
114

  

 

Figure 3.4 Spectral analysis of the shear force data. (a) The raw shear force data obtained 

during polishing. (b) The fluctuating component of the shear force data in time domain. 

(c) Spectral analysis of stick-slip phenomena in frequency domain. (d) The normalized 

stick-slip phenomena distribution.
114

 

3.2.2 Sommerfeld Number 
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In order to understand the tribological mechanism during the CMP process, 

Stribeck curves are presented using Sommerfeld number which consists of several 

dimensionless grouping of CMP specific parameters as described in Equation 3.10.
91

 

   
  

     
                               (Equation 3.10) 

where   is the slurry viscosity,   is the pad-wafer relative sliding velocity, P is the 

polishing pressure from applied downforce against the pad, and      is the effective fluid 

film thickness.   is determined from the polisher platen diameter and the relative angular 

velocity. For a given slurry,   can be measured experimentally or obtained from the 

slurry manufacturer.   is determined by downforce pressure and wafer-pad contact area. 

Since different types of pads have unique pad grooving configurations and land areas, 

each pad will have a different pressure with the same applied downforce. Therefore, a 

dimensionless parameter   is introduced to scale the pressure for different pads.
91   has 

been determined for several pads and is listed in Table 3.1. 

  
           

     
                 (Equation 3. 11) 

 

Table 3.1 α value for several pads.
91

 

Pad name α 

IC-1000 flat 1 

FX-9 flat 1 

IC-1000 perforated 0.91 
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FX-9 perforated 0.86 

IC-1000 K-groove 0.83 

IC-1400 K-groove 0.83 

IC-1000 x-y 0.76 

Effective slurry film thickness      is the final parameter that needs to be 

calculate the Sommerfeld number. Several groups of researchers has reported calculation 

of     . Lu et al.
117

 and Rogers et al.
111

 used dual emission laser induced fluorescence to 

measure the slurry film thickness of flat pads. This method is only capable to measure the 

slurry film thickness on flat pad with glass wafers. Lawing
118

 reported slurry film 

thickness calculation by using pad average surface roughness (Ra). This method has not 

considered the depth of slurry in the perforations or grooves.  Phillipossian et al.
91

 

combine the method used by Lawing with consideration of slurry in the grooves or 

perforations: 

                                          (Equation 3.12) 

where         (groove or perforation depth) is measured physically for each pad to 

calculate the slurry flow thickness. 

3.1.3 Lubrication Mechanisms in CMP 

The plot of COF vs. the Sommerfeld number is known as the Stribeck curve. The 

curve is beneficial in CMP applications because it gives direct evidence of the extent of 

3-body contact between the wafer, the pad, and the slurry abrasive particles. Based on 
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Ludema’s definition,
119

 there are three types of lubrication mechanism as depicted in 

Figure 3.5. The first type is boundary lubrication where all solid bodies are in intimate 

contact with each other. The slurry abrasives particles may directly contact with the wafer 

surface or embed into the pad surface. Boundary lubrication occurs around lower 

Sommerfeld numbers region with the Stribeck curve taking on a flat shape. Because of 

close three-body contacts, the values of COF are relative large. If material removal is 

assumed to be predominantly (i.e. ILD CMP) due to mechanical contact, the COF values 

will likely affect material removal rates. In addition, the slurry film thickness is kept at a 

low level due to the intimate contact between the wafer and the pad.  

The second type of lubrication mechanism is known as partial or mixed 

lubrication. This regime typically happens around intermediate values of the Sommerfeld 

number. All solid bodies are not in intimate contact each other. Therefore, the slurry film 

layer, with the same thickness as the pad surface roughness, develops and partially 

separates the wafer from the pad. As the lubrication mechanism transitions from 

boundary lubrication to partial lubrication, the slope of the Stribeck curve changes from 

roughly zero (i.e. a flat line) to a large negative value (i.e. a rapidly decreasing line).  

The hydrodynamic lubrication is the third type of lubrication mechanism. This 

regime occurs at larger values of the Sommerfeld number, where smaller values of 

removal rate and COF are typical. Since the slurry film is relatively thicker, very little or 

no contact exists between the wafer and the pad. In this regime, the slope of the Stribeck 

curve turns slightly positive and COF is kept at a minimum level.  Since the slurry film 

thickness in the wafer-pad interface is much higher, slurry flow is likely turbulent rather 
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than laminar. This phenomenon often leads to wafer hydroplaning at high pad-wafer 

sliding velocities.  

 

Figure 3.5 Generic Stribeck curve based on Sommerfeld number.
91

 

 

3.3 Removal Models in CMP  

Although CMP may appear to be simple, the polishing rate is affected by many 

parameters that are difficult to understand from fundamental principles. One might expect 

that CMP could be predicted directly by an appropriate combination of fluid mechanics, 

mass transfer and electrochemistry, however, this is not currently possible. In this section, 

several representative removal models will be discussed in detail. 
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3.3.1 Preston’s Equation 

The Preston’s equation (Equation 3.13) was developed in 1927,
120

 which is the 

most widely used empirical relationship that correlates the removal rate to pressure and 

velocity in the CMP process: 

                                              (Equation 3.13) 

Preston’s RR is the material removal rate, P is the applied downforce during polishing 

process, V is the linear velocity of the wafer relative to the polishing pad, and Kp is the 

coefficient which is a function of the film, pad, and slurry properties. 

The Preston’s equation is a highly empirical equation and cannot be easily 

explained by fundamental science or engineering principles. As observed from Equation 

3.13, Preston’s equation is purely mechanical, with no direct inclusion of chemical 

effects, although the slurry chemistry contributes to the value of Kp. Thus, it is more 

accurate in cases where the chemical fraction of the planarization is relatively low (i.e. 

ILD/oxide CMP). As a matter of fact, Prestonian behavior is still commonly observed in 

many processes. Figure 3.6 shows an example that the removal rate exhibits Prestonian 

behavior for ILD CMP. 
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Figure 3.6 Prestonian removal rate model for ILD CMP (Philipossian et al. 2003).
85

 

 

Preston
120

 also developed a relation for the amount of work done during the 

polishing operation by taking into account the friction coefficient μ, the contact area A 

(between the substrate and the pad) and the applied pressure P. The amount of work done 

is represented by W: 

                                     (Equation 3.14) 

3.3.2 Modified Preston’s Equation 

Since Preston’s equation may not predict material removal in every CMP process, 

there are many modifications of Preston’s model that are designed to explain non-

Prestonian behavior. For example, Zhang et al. developed a removal rate model (shown 
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as Equation 3.15) by considering both electrostatic particle adhesion and plastic 

deformation.
121

 This model was novel in that it identified the overall force responsible for 

removal as a combination of the externally applied force from the wafer and the van der 

Waals forces between slurry particles and the oxide surface. 

Tseng et al. proposed a mechanical model (shown as Equation 3.16) based on the 

normal and shear stresses occurring during CMP.
122

 This model is also non-Prestonian 

and was intended to link fluid motion and material wear. They provided the following 

description of material removal: “The abrasive particles are first being indented into the 

polished wafers to cause plastic deformation. The residues from the indentation are then 

carried away by the flowing slurry to complete a removal cycle.”
122, 123

 

                                                    (Equation 3.15) 

                                                  (Equation 3.16) 

The above models can capture the non-prestonian behavior to some extent.
123

 

However, it should be noted that these models are similar to Preston’s equation which 

mainly consider mechanical effects, with no direct inclusion of chemical effects. It is 

necessary to take into account the chemical contribution, especially in metal CMP 

processes, where the dissolution rates are often high and cannot be neglected. Thus, the 

Preston’s equation was then modified by Luo et al. to: 

                                                (Equation 3.17) 
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Where, B and Rc are two new constants. The second term BV in the modified equation 

indicates a stronger velocity effect than pressure. The last term Rc accounts for the 

chemical dissolution during polishing and depends on the slurry composition.
124

 

3.3.3 Langmuir-Hinshelwood Removal Model 

Borucki et al. developed a two-step removal model based on Langmuir-

Hinshelwood style kinetics.
1, 123, 125

 In this model,  n moles of an unspecified reactant R in 

the slurry react with surface film (M) of the wafer at a chemical reaction rate k1 to form a 

product layer L.  

    
  
                                        (Equation 3.18) 

This product layer is then removed by mechanical effect with a mechanical rate k2. 

                                     
  
                               (Equation 3.19) 

By assuming that the rate of formation of L in Equation 3.18 is equal to its 

removal in Equation 3.19 and none of the abraded material L is re-deposited on the wafer 

surface.  The local removal rate in this sequential mechanism can be summarized as:                                                   

   
  

 

     

      
                                    (Equation 3.20) 

where    and ρ are the molecular weight and density of the wafer surface material, and 

C is the local molar concentration of the reactant. It is assumed that the slurry flow rate is 
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high enough and the surface reaction rate is low enough such that the concentration c 

remains constant. Then k1C was renamed as k1 without loss of generality. The basic 

removal rate model becomes 

    
  

 

    

     
                                  (Equation 3.21)   

The mechanical rate constant k2 is proportional to the frictional power density as 

suggested in Preston’s equation:
120

 

                                    (Equation 3. 22) 

where    is a proportionality constant,    is the kinetic COF, P is the applied pressure, 

and V is the linear velocity of the wafer relative to the polishing pad. The chemical react 

rate constant k1 can be expressed as Arrhenius equation: 

          
 

  
                               (Equation 3.23)            

where A is an empirical exponential factor with a unit of mol/m
2
, E is the slurry 

activation energy of the rate-limiting chemical step (i.e. oxidation step in Cu CMP), R is a 

constant (8.62×10
-5

 eV/K), and T is the wafer surface reaction temperature. The slurry 

activation energy E can be calculated by plotting of the natural log of the removal rate 

verse the inverse of the mean pad temperature assuming an Arrhenius relationship.
126

 An 

example of how to extract E for Cu CMP is shown in Figure 3.7.  
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Based on this model, material removal in CMP is a result of both chemical and 

mechanical attributes. As such, material removal rate can be adjusted by either changing 

the mechanical parameters (i.e. polishing pressure and velocity) or the chemical 

parameters (i.e. pad surface temperature and slurry formulation).  

 

Figure 3.7 Arrhenius relationship between the copper removal rate and mean pad surface 

temperature.
87
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CHAPTER 4                                                                                            

MEAN RESIDENCE TIME AND DISPERSION NUMBER 

ASSOCIATED WITH SLURRY INJECTION METHODS IN CMP 

 

Slurry mean residence time, dispersion number, removal rate, coefficient of 

friction, and pad temperature were analyzed for standard pad center area slurry 

application and two configurations (“Design A” and “Design B”) of the novel slurry 

injection system (SIS) used in chemical mechanical planarization. The novel SIS was 

placed on the pad surface and slurry was injected through an inlet port which matched an 

outlet at the trailing edge of the injector bottom.  

SIS having “Design A” has a flat leading edge to prevent, as much as possible, 

spent slurry or residual water from re-entering the pad-wafer interface. In contrast, 

“Design B” possesses several notches on its leading edge for the temporary accumulation 

of a small amount of spent slurry.  

Results showed that both configurations of the novel SIS generated lower value of 

coefficient of friction and pad temperature, shorter slurry mean residence times, smaller 

dispersion numbers and higher removal rates than the standard pad center area slurry 

application method. “Design B” has a higher mean residence time and larger dispersion 

number than “Design A” since “Design B” allowed more spent slurry/residual rinse water 

to re-enter the pad-wafer interface than “Design A”. This work underscores the 

importance of slurry injection method for achieving optimum chemical mechanical 

planarization processes.   

 



 

 

113 

 

4.1 Introduction 

Chemical mechanical planarization (CMP) is widely used in integrated circuit (IC) 

manufacturing to achieve local and global surface planarity through combined chemical 

and mechanical means. In certain CMP processes, slurry cost may represent up to 50% of 

the total cost of ownership of the CMP module.
85, 127

 Furthermore, slurry consumption 

has tremendous environmental impacts as spent slurries contain hazardous chemicals 

with large amounts of abrasive nano-particles. Although the recovery and reuse of spent 

slurries have been investigated and adopted by a handful of IC manufacturers,
128, 129

 the 

best solution is to optimize the slurry usage by either reducing the slurry flow rate for the 

same CMP performance (i.e. removal rate, defects) or applying the same slurry flow rate 

for better performance compared to the current process-of-record. 

In most commercially available CMP polishers, slurry is applied near the pad 

center as shown in Figure 4.1. As the pad rotates during polishing, a large amount of 

fresh slurry flows directly off the pad surface without entering the pad-wafer interface. 

Such mechanism results in very low slurry utilization efficiencies.
85, 130

 Several other 

methods have been proposed for applying or injecting slurry onto the pad surface. For 

example, Mok proposed an apparatus for spraying slurry onto the pad surface rather than 

streaming it near the pad center.
131

 Chamberlin et al. proposed a slurry injection 

technique involving spraying pressurized slurry over the pad through multiple nozzles.
132

 

Chiou et al. proposed a slurry injector having multiple adjustable nozzles.
133

 Chang 

proposed a method for dispensing slurry through multiple nozzles to distribute the slurry 

over the entire wafer track.
134

 While these methods help deliver fresh slurry to the pad 
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surface, however, none of them prevent the mixing of spent slurry/residual rinse water 

with fresh slurry during CMP. 

Polishing continuously generates spent slurry on the pad surface. Spent slurry 

contains pad debris (from conditioning and pad wear), diamond chips (from conditioning 

diamond disc) and chemical by-products. Studies have shown that these can decrease 

material removal rate and increase polishing defects.
130, 135

 To mitigate such issues, large 

amounts of ultrapure water (UPW) are used to rinse the pad between polishes (i.e. the pad 

rinsing step) to reduce the amount of polishing by-products on the pad surface. Following 

the pad rinsing step, appreciable amount of UPW resides on the pad land areas as well as 

inside the pad grooves. When fresh slurry is injected onto the pad surface to polish the 

wafer, it mixes with the residual UPW and gets diluted. Since most industrially-relevant 

slurries result in lower removal rates when further diluted with water, over-the-pad 

mixing of water and slurry is not favorable. It is fair to say that the current standard pad 

center slurry application method and the previously proposed slurry application or 

injection methods do not provide efficient slurry utilization and leave significant room for 

improving polishing performance.  

As an alternate method, Meled et al. investigated an early version of a novel 

slurry injection system (SIS) which was aimed to shorten the slurry mean residence time 

(MRT) on the pad surface.
130

 As a continuation and improvement of Meled’s work, this 

study investigates two variants of SIS designs that share a common feature to efficiently 

introduce fresh slurry into the pad-wafer interface. In addition, both variants are also 

designed to partially block the spent slurry as well as the residual rinse water from re-

entering the pad-wafer interface. However, while one variant is designed to block most of 
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the spent slurry/residual rinse water, the other variant is constructed to temporarily retain 

spent slurry/residual rinse water at its leading edge during polishing. The rationale behind 

these two designs is discussed in detail in the “Experimental Procedure” section of this 

paper. For each system, silicon dioxide removal rate, mean pad surface temperature and 

mean pad-slurry-wafer coefficient of friction are measured. The classical residence time 

distribution (RTD) technique is used to calculate slurry MRT and dispersion number.
136, 

137
 Results, when compared to the standard pad center slurry application method, help 

confirm the main mechanism responsible for the enhanced removal rate associated with 

the SIS.  

 

4.2 Experimental Procedure 

The standard pad center slurry application method and a novel method for slurry 

injection are used to apply slurry onto the pad surface. Figure 4.1 shows the top views of 

a polisher with the standard slurry application method and the novel SIS, respectively. 

For the standard slurry application method (what we will henceforth refer to as “Point 

Application” or “PA”), the slurry is applied above the pad center. The novel SIS consists 

mainly of an injector and an injector mount. The injector has a rectangular shape which is 

attached to the injector mount with the connecting rods. The injector mount is then used 

to securely attach the entire assembly to the polisher. A single slurry inlet port is placed 

on the top of the body which matches an outlet at the bottom of the body (at the trailing 

edge). Fresh slurry is introduced through the slurry line from the slurry tank where it 

flows into the inlet and then flows out through the outlet into a channel machined into the 

bottom of the injector body which helps to evenly spread the fresh slurry onto pad surface 
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during polishing. It must be noted that the bottom of the injector is in contact with the pad 

at all times. Details on the SIS can be found elsewhere.
138, 139

    

 

Figure 4.1 Top views of a polisher with the standard slurry application method (left) and 

the novel slurry injection method (right). 

As mentioned earlier, two variants of the SIS are examined in this study. The only 

difference between the two is the design of the bottom of the injector body as shown in 

Figure 4.2. In one configuration, referred to as “Design A”, the flat leading edge of the 

injector fully contacts the pad, therefore, spent slurry/residual rinse water forms a thick 

bow wave at the leading edge of the injector and is then spun out by centrifugal forces. 

This is intended to prevent, as much as possible, any spent slurry and residual rinse water 

from re-entering the pad-wafer interface. Naturally, not all of the spent slurry and 

residual water can be prevented from re-entry due to the fact that pad grooves inevitably 

allow some liquid to escape from underneath the bottom of the injector body. The other 

configuration, referred to as “Design B”, contains several “notches”, smoothly curved 

inner edges of equal size that are evenly spaced along the leading edge of the injector. 
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These “notches” allow the spent slurry to stay on pad for a longer time thus making it 

possible for more of the spent slurry to re-enter the pad-wafer interface.    

 

Figure 4.2 Bottom views of “Design A” (left) and “Design B” (right). 

All polishing tests were performed on an Araca APD-800X polisher and 

tribometer. The system has the ability to acquire, in real-time, the polishing down force 

and shear force (both at 1,000 Hz) thus allowing the exact measurement of the pad-

slurry-wafer coefficient of friction (COF).
140

  

For the removal rate experiments, two 300-mm blanket oxide wafers were 

polished for each experiment involving slurry application or injection schemes. A 3M 

A165 diamond disc was used to provide in-situ conditioning on the Epic D100 

concentrically grooved pad (manufactured by Cabot Microelectronics Corp.) at a 

conditioning down-force of 44.5 N. Each wafer was polished for 1 minute at 20.6 kPa 

and 1.6 m/s. Before polishing, the diamond disc was used to break in the pad for 60 

minutes with DI water. The disc rotated at 95 RPM and swept at a frequency of 10 times 

per minute across the radius of the pad surface. The diamond disc, pad, and wafer 

rotations were counter clockwise. Pad break-in was followed by pad seasoning during 
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which the shear force was monitored to ensure that stable values were achieved prior to 

monitor wafer polishing.  

Klebosol® 1501-50 (manufactured by Dow Chemical Co.), diluted with water to 

a final solids content of 15% by weight, was used as the polishing slurry. Flow rate was 

kept constant at 250 ml/min. Before and after polishing, a reflectometer from SENTECH 

Instruments GmbH was used to measure the oxide film thickness on each wafer. This 

allowed the computation of silicon dioxide removal rate for each test. Moreover, during 

polishing, an infrared gun (a standard feature of the polisher) was used to measure pad 

surface temperature, at a frequency of 1,000 Hz. The exact point of measurement was at 

the wafer center track near the leading edge of the carrier head as shown in Figure 4.1. 

During the entire polishing time, COF was also calculated based on measured shear force 

and downforce signals captured at 1,000 Hz. 

In addition to the above kinetic, thermal and frictional tests, slurry MRT was also 

calculated (via separate tests) for each application or injection scheme. For the slurry 

MRT tests, for each application or injection scheme, two blanket 300-mm silicon dioxide 

wafers were polished on an Epic D100 concentrically grooved pad at the polishing 

pressure of 20.6 kPa and sliding velocity of 1.6 m/s. A 3M A165 diamond disc was used 

to condition the pad at 44.5 N. The diamond disc rotated at 95 RPM and swept 10 times 

per minute across the pad surface. As in the previous case, the disc, pad and wafer 

rotation was counter clock-wise and the slurry employed was Klebosol® 1501-50 at a 

flow rate of 250 ml/min. For each 2-minute run, a wafer was first polished with the 

Klebosol® 1501-50 slurry containing 10% by weight abrasives until a stable frictional 

force signal (measured at 1,000 Hz)  was achieved. In the case of pad center application 
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as well as SIS with “Design B”, the slurry was switched off and a 30% by weight 

Klebosol® 1501-50 slurry was simultaneously applied (or injected) onto the pad surface. 

In the case of SIS with “Design A”, after the 10% slurry was switched off, a 24% by 

weight Klebosol® 1501-50 slurry was simultaneously injected through the SIS. COF was 

calculated by dividing the measured frictional force by the down force and the results 

were used to calculate the slurry MRT which represented the average time the slurry 

spent in the pad-wafer interface during polishing. Dispersion number is then calculated 

based on the RTD curve. Details on how to calculate slurry MRT and dispersion number 

can be found elsewhere,
130, 141, 142

 however the brief description below is appropriate. 

  

4.3 The Theory behind MRT and Dispersion Number 

Introducing a stimulus in the form of a tracer and measuring the response can be 

used to determine the RTD of a flowing fluid. In a chemical reactor, as elements of the 

fluid take different routes through the vessel, they require different lengths of time to exit 

the reactor. This distribution of the age of the fluid leaving the vessel is referred to as the 

RTD of the system .
136, 137

 

The technique involves an abrupt introduction of a tracer into a reactor operating 

at steady-state. With no tracer initially present, a step input of tracer of concentration (C0) 

is imposed on the fluid stream entering the vessel. A time record of the concentration of 

tracer in the exit stream (C) is then measured. The results are normalized so that time is 

zero (t=0) at the moment the tracer is introduced. The concentration of tracer in the exit 

stream is compiled as C/C0, such that the resulting curve rises from 0 to 1 over time. This 
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plot is known as the F-curve (F = C/C0) from which the E-curve is obtained via the 

following equation: 

dF
E

dt
 ,                                         (Equation 4.1) 

where t represents the elapsed time and E represents the increasing rate of normalized 

tracer concentration in the exit stream. The MRT (τ) can then be calculated from the E-

curve as: 





0

Edtt                                        (Equation 4.2) 

The importance of slurry MRT in CMP application has been highlighted by 

Philipossian et al..
142

 In CMP, MRT refers to the average time that the slurry spends in 

the pad-wafer interface during polishing. During a given MRT test, a slurry is first 

injected onto the pad surface to polish a wafer. After achieving the steady state, the slurry 

is turned off and another slurry (i.e., the same type of slurry but with either a higher or a 

lower abrasive concentration) is simultaneously applied or injected onto the pad surface 

to polish the same wafer. As the two slurries have different abrasive concentrations, in 

most cases different frictional forces are generated among the wafer, the slurry abrasives 

and the pad during polishing. Based on the measured frictional force data and the 

correlation curve between frictional force and slurry concentration, slurry MRT can, 

therefore, be calculated using the classical chemical reactor theory explained above. In 

general, CMP processes with low values of slurry MRT are preferred because a low MRT 
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indicates that the slurry spends less time in the pad-wafer interface and is therefore 

fresher during wafer polishing.  

To further understand the effect of slurry injection methods on fluid dynamics, the 

RTD technique is also employed to determine the dispersion number. The dispersion 

model is generally used to describe non-ideal reactors, where the axial dispersion is 

superimposed on the plug flow of a fluid.  

The dispersion number is defined as: 

Dispersion Number
D

L



 ,                              (Equation 4.3) 

where D is the diffusion coefficient,   is the average superficial velocity, and L is a 

characteristic length. As the dispersion number approaches zero, dispersion is considered 

to be negligible, and the behavior of the system is said to approach that of a plug flow 

reactor (PFR). On the other hand, as dispersion number approaches infinity, there is a 

large degree of dispersion, and the reactor is said to behave as a perfectly mixed 

continuously stirred tank reactor (CSTR).
137, 141

 

In the case of CMP, the reactor can be assumed to act as a closed vessel, since 

there is a change in flow pattern at the boundaries and the movement of fluid is assumed 

to be plug flow outside of the reactor.
141, 142

 For closed vessels, the variance (σ
2
) is a 

function of the dispersion number and MRT (τ) as follows: 
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             (Equation 4.4) 

The variance (σ2) can be calculated directly from the E curve and MRT (τ) using 

the following relationship: 

 
22

0
t Edt 



                                (Equation 4.5) 

As such, Equations 4.4 and 4.5 can be employed to calculate the dispersion 

numbers associated with our apparatus.  

 

 

 

4.4 Results and Discussion 

Figure 4.3 summarizes the average values of removal rate (RR), COF and pad 

surface temperature (T) for the two novel slurry injection schemes as well as the PA 

method. With all other process inputs being constant, the highest values of RR are 

achieved with the “Design A”, followed by “Design B” and then PA. While the within 

wafer non-uniformity (WIWNU) are 8.2%, 8.0% and 8.0% for PA, “Design B” and 

“Design A”, respectively. As expected, COF and T values for all 3 slurry applications or 

injection methods are highly correlated since lower frictional forces cause less pad 

heating during CMP. For Design B, the additional fact that the “notches” tend to retain 
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some of the spent slurry (which is warmer than fresh slurry) may also contribute to the 

higher pad surface temperature.  

However, contrary to earlier findings during silicon dioxide polishing by this 

research group, as well as others,
143-145

 higher values of COF and T do not result in higher 

values of RR. This leads us to believe that another factor or factors may be at work in this 

study that offset the effect of higher temperature on removal rate. 
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Figure 4.3 Removal rate, COF, and pad surface temperature comparison between PA and 

novel SIS with “Design A” and “Design B”. 
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One such candidate is slurry MRT since it is a measurement of how quickly water 

is displaced from the pad by the slurry. If perchance the slurry is of a type that, when 

diluted by the residual water causes removal rate to decrease (which is the case with the 

Klebosol® family of slurries), then higher values of MRT due to the choice of slurry 

applications or injections methods will tend to drive removal rates down. 

 

Figure 4.4 Calibration curves relating slurry abrasive concentration to COF (R2 = 0.998, 

0.998 and 0.988 for PA, “Design B” and “Design A”, respectively). 

As mentioned in the theoretical discussion above, a strong correlation between 

slurry concentration and COF is needed prior to embarking on any RTD experiments. 

This is due to the fact that unless COF and slurry concentration are correlated, any RTD 

tests in which changes in COF are tracked with time cannot be back-calculated to a given 

water content (or abrasive content) in the system. Figure 4.4 shows the manner in which 

COF changes with slurry concentration for all 3 applications or injection methods. The 

calibration curve depends on the slurry type and pH value of the slurry. The downward 

trend in COF with higher abrasive concentration is expected due to the presence of more 
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abrasive nano-particles which increase the lubricity of the system and cause a greater 

degree of pad-wafer sliding action. This is consistent with previous findings.
141, 142, 146, 147

 

 

Figure 4.5 COF versus time during RTD tests. 

Figure 4.5 shows how COF changes with time during RTD experiments with PA 

and SIS (i.e. “Design A” and “Design B”) methods. Initially, polishing is done with a 

Klebosol® 1501-50 slurry containing 10 wt% abrasives which allows the system to reach 

steady state with respect to COF in about 40 seconds. Starting at 40 seconds and 

continuing until 110 seconds, the process is switched to a 30 wt% (or 24 wt% in the case 

of “Design A”) Klebosol® 1501-50 slurry which, as expected, causes extra lubrication 

between the wafer and pad and eventually results in a new steady state to be reached with 

respect to COF at or about 100 seconds. The curves in Figure 4.5 combines with the 

correlation plots of Figure 4.4 are then used to construct abrasive concentration vs. time 

curves as shown in Figure 4.6. 
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Figure 4.6 Slurry abrasive concentration, obtained from data in Figures 4.4 and 4.5, 

versus time during RTD tests. 

 

Figure 4.7 Non-dimensional F-curve. 

A qualitative inspection of the trends in Figure 4.6 show that the new steady state 

COF value is reached faster when SIS methods are used instead of the PA method. By 

normalizing the results such that time is zero (t=0) at the moment the more concentrated 
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slurry (i.e. 24 or 30 wt%) is introduced, and by compiling the concentration of the tracer 

in the exit stream as (C-Ci)/(Cf-Ci), where Ci is the average slurry abrasive concentration 

at the first steady state and Cf is the average slurry abrasive concentration at second 

steady state, such that the resulting curves all rise from 0 to 1 over time (i.e. the F-curve 

shown in Figure 4.7), it becomes obvious that RTD associated with the 3 applications or 

injection methods are quite different from one another. Then the F curve fitting (shown in 

Figure 4.8) is obtained by using asymptote fit. The asymptote fit formula is  

1

n

n

kt
F

kt



,                                       (Equation 4.6) 

where k and n are constant in each case. Equations 4.1 and 4.2 allow the construction of 

the E-Curve (Figure 4.9) and the numerical integration of the respective MRTs. 

 

Figure 4.8 Fitted non-dimensional F-curve. (R
2
 = 0.938, 0.981 and 0.928 for PA, “Design 

B” and “Design A”, respectively) 
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The fact MRT for PA is the highest (17.5 seconds), followed by “Design B” (16.0 

seconds) and finally “Design A” (14.4 seconds) is consistent with the intended designs of 

the two SIS variants. Of the 3 methods, in the case of “Design A”, since the slurry is for 

the most part the least diluted with residual rinse water which allows the system to reach 

steady state in the shortest amount of time results in the highest removal rate as reported 

in Figure 4.3 in spite of its lower COF and temperature values. It takes significantly less 

time for the novel SIS to replace the initial slurry in the pad-wafer interface. It confirms 

that the novel SIS provides more efficient slurry delivery (i.e. fresher) to the pad-wafer 

interface than the PA method. 

 

Figure 4.9 RTD (E-curve) and MRT comparison between PA and novel SIS with “Design 

A” and “Design B”. 

The extent of slurry mixing in a non-ideal reactor can be inferred by the 

dispersion model. Generally, as the dispersion number D varies from 0 to ∞, the reactor 

characteristics changes from ideal plug flow to perfect mixing. The dispersion numbers 
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for all 3 slurry applications are compared in Figure 4.10. The results indicate that PA 

induces the highest extent of axial dispersion, followed by “Design B” and finally 

“Design A”. As expected, the SIS (i.e. “Design A” and “Design B”) has lower slurry 

dispersion number than PA since the SIS reduces the amount of mixing between the spent 

slurry/residual rinse water and fresh slurry from re-entering the pad-wafer interface 

during polishing.  

 

Figure 4.10 Dispersion number comparison between PA and novel SIS with “Design A” 

and “Design B”. 

For the case of PA, spent slurry/residual rinse water is only spun out due to the 

rotation of the pad and the carrier head. Such general mechanism is also applicable while 

using SIS with “Design A” or “Design B”. However, it must be noted that SIS adds extra 

screening feature. In the case of SIS with “Design A”, its flat leading edge is designed to 

effectively prevent spent slurry/residual rinse water from re-entering pad-wafer interface, 

hence less mixing with the fresh slurry. With the smallest dispersion number, the “Design 

A” approaches toward an ideal plug flow behavior. In comparison, the “notches” in the 
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leading edge of “Design B” allow the spent slurry/residual rinse water to stay longer on 

pad and, thus, make it possible for larger quantity of spent slurry/residual rinse water to 

re-enter the pad-wafer interface. Therefore, the dispersion number of “Design B” is 

higher than “Design A”. In any cases, the dispersion number cannot reach zero since the 

pad grooves inevitably allow some spent slurry/residual rinse water to escape from 

underneath the bottom of the injector body to reach the pad-wafer interface to mix with 

fresh slurry.  By comparing 3 slurry injection applications or methods, the MRT and 

dispersion number results are in agreement with their intended designs. 

 

4.5 Conclusions 

Effect of slurry injection methods was investigated using residence time 

distribution technique. Results indicated that the novel slurry injection system (SIS) 

exhibited lower slurry mean residence time (MRT) and dispersion number than standard 

pad center area slurry application since SIS was designed to block the spent slurry and 

residual rinse water from re-entering the pad-wafer interface during polishing. The novel 

SIS resulted in lower dispersion numbers indicating a lower extent of axial dispersion and 

slurry mixing (i.e. among fresh slurry, spent slurry and residual rinse water) during 

polishing process. This study suggested that the extent of the slurry MRT and axial 

dispersion could be manipulated by modifying the SIS design. In general, SIS allowed a 

larger amount of spent slurry and residual rinse water to re-enter the pad-wafer interface 

would result in longer slurry MRT and higher dispersion number. 
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CHAPTER 5                                                                                      

EFFECT OF PAD GROOVR WIDTH ON SLURRY MEAN 

RESIDENCE TIME AND SLURRY UTILIZATION EFFICIENCY IN 

CMP 

 

This paper studies the effect of pad groove width on slurry mean residence time 

(MRT) in the pad–wafer interface as well as slurry utilization efficiency ( ) during 

chemical mechanical planarization. Three concentrically grooved pads with different 

groove widths were tested at different polishing pressures to experimentally determine 

the corresponding MRT using the residence time distribution (RTD) technique. Results 

showed that MRT and   increased significantly when the groove width increased from 

300 to 600 µm. On the other hand, when the groove width increased further to 900 µm, 

MRT continued to increase while    did remained constant. Results also indicated that 

MRT was reduced at a higher polishing pressure while   did not change significantly 

with pressure for all three pads. 

 

5.1 Introduction 

It is well known that the presence of slurry in the pad-wafer interface is critical to 

the chemical mechanical planarization (CMP) process.
148, 149

 Various factors such as 

slurry mixing and transport, slurry film thickness and the tribological mechanism in the 

pad-wafer interface can affect material removal rate and planarization efficiency. 

Different pad groove designs are used to transport fresh slurry into the pad-wafer 
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interface.
57, 143

 In addition, pad grooves discharge polish debris, heat and spent slurry 

from the pad-wafer interface and also prevent wafer hydroplaning.
57, 143

 The effect of 

different pad groove designs on coefficient of friction (COF), pad surface temperature, 

and material removal rate for interlayer dielectric (ILD) and copper CMP has been 

investigated extensively.
150-152

 Additionally, Muldowney introduced a 3D fluid flow 

model for simulating the influence of pad groove pitch, width and depth on slurry flow in 

the pad-wafer gap which revealed that it took longer to renew the slurry in the pad-wafer 

gap for a pad with larger groove pitch and wider and deeper groove design.
153 

While pad 

groove width is an important factor that impacts slurry flow during wafer polishing, no 

experimental study has been performed to illustrate the effect of groove width on slurry 

mixing and transport in the pad-wafer interface.  

In previous studies, classical residence time distribution (RTD) technique was 

used to investigate slurry mean residence time (MRT) in the pad-wafer interface.
136, 137

 

MRT represents the average time it takes for fresh incoming slurry to replace the existing 

slurry in the region bound between the pad and the wafer. As the used slurry contains 

polishing by-products and pad conditioning debris that have been shown to cause 

polishing defects,
135

 a shorter slurry MRT is preferred to reduce polishing defects and 

increase process yield.   

In this study, MRT was obtained for three concentrically grooved pads with 

different grooves widths at different polishing pressures using the RTD technique. 

Results illustrated how groove width affects slurry mixing and transport in the pad-wafer 

interface. In addition, slurry utilization efficiency was calculated to show that the pad 
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groove width can be optimized to increase slurry utilization and minimize slurry usage 

for CMP processes. 

 

5.2 Theoretical Approach 

For a typical CMP process, MRT can be extracted from the corresponding RTD 

curve by employing classical reactor design principles, as described by Levenspiel, to 

CMP.
137

 According to Levenspiel’s generic reactor analysis, an imaginary reactor can be 

assumed to form between the pad-wafer as shown in Figure 5.1, with its volume defined 

as the space bound in that interfacial region. The slurry may enter or exit the reactor 

anywhere along its circumference. The slurry remains within the reactor for a finite 

amount of time, and the average period that the fluid remains in the system can be 

quantified using the reactor design theory. With silica nano-particles, the extremely low 

values of Stokes number (calculated to be less than 0.1) suggest that we can assume to 

have creeping flow in the pad-wafer interface where the abrasive nano-particles present 

in the slurry ought to follow along the same flow fields as the bulk fluid. Based on this 

assumption, the slurry MRT obtained for the CMP process is considered to be 

representative of both the fluid and the suspended solid abrasive particles. 
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Figure 5.1. Cross section of a CMP reactor. 

To understand and predict the fluid dynamics behavior of a reactor, it is important 

to determine how long fluid elements reside in the system. The distribution of residence 

times of the flowing fluid can be determined by introducing a stimulus in the form of a 

tracer and then measuring the response at the outlet. Due to the fact that fluid elements 

take different routes through the reactor, they require different lengths of time to exit the 

reactor. The distribution of these times for the fluid leaving the vessel is referred to as the 

residence time distribution (RTD).  

RTD measurements are done by abruptly introducing a tracer into a system that 

has been running at steady state. The tracer may be introduced into the reactor in the form 

of a step input of a particular fluid. Beginning with the introduction of a tracer input, a 

series of steps are required to construct an RTD or E-curve and to calculate MRT values.  

With no tracer present initially, a step input of a tracer of concentration (C0) is 

imposed on the fluid stream that is entering the system. At the moment of introduction, 

the tracer concentration at the exit stream (C) is measured. The results are normalized 

such that time is reset to zero (    ) when the tracer is introduced. The concentration of 

the tracer in the exit stream is normalized as     , thus resulting in a response curve that 
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rises from 0 to 1 over time. This plot is referred to as the F-curve. Furthermore, the E-

curve can be plotted by differentiating the F-curve with time: 

                                      
  

  
                                         (Equation 5.1) 

The slurry mean residence time ( ) is then calculated from the E-curve: 

                                                  ∫       
 

 
                                  (Equation 5.2) 

where     represents the fraction of the fluid leaving the reactor with an age between t 

and     . It should be noted that the slurry mean residence time ( ) is defined as: 

  
      

       
                                      (Equation 5.3) 

where Vtotal is the total volume of the CMP reactor, qactual is the actual slurry flow rate 

through the reactor.  

 

5.3 Experimental Procedure 

All polishing work was performed on an Araca APD-500 polisher, which is 

capable of measuring shear force and down forces in real-time. The polisher and its 

associated hardware for tribometry have been described in details elsewhere.
59, 154

 Three 

different Dow IC1000 pads
155

 were used each one with a different concentric groove 

pattern. The groove width and depth, as well as the land area width are listed in Table 5.1. 
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The three pads have the same land area width and groove depth, but different groove 

width (see Table 5.1).  

Table 5.1 Pad dimension comparison. 

Pad 
Groove Width     

(μm) 

Groove Depth     

(μm) 

Land Area Width 

(μm) 

A 300 400 1,200 

B 600 400 1,200 

C 900 400 1,200 

 

 

 
Figure 5.2. Schematic of pad dimensions. 

Blanket 200-mm silicon wafers were used as the polishing substrate. A 3M A165 

diamond disk
156

 was used to condition the pads. Prior to polishing, each pad was 

conditioned at a down force of 25.8 N for 30 minutes with deionized (DI) water at a flow 

rate of 150 mL/min. The conditioner rotated at 95 RPM and swept across the pad surface 

10 times per minute. The same rotational velocity and oscillation frequency were used for 

in-situ conditioning. During polishing, a Hitachi Chemical ceria slurry was applied near 

the pad center at a fixed flow rate of 200 mL/min. The distance between the slurry 
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application point to the wafer carrier was about 2.5 cm. The silicon wafers were polished 

at 3 and 5 PSI at a sliding velocity of 0.83 m/s (i.e. 55 RPM). Both the carrier head and 

platen rotated counter-clockwise at the rotational velocity. 

For each experiment, a wafer was first polished with the ceria slurry containing 1 

wt% abrasives until a stable frictional force was achieved. Then the 1 wt% initial fluid 

was switched instantaneously to 0.1 wt% ceria slurry. A 70-second polish was performed 

after switching to the 0.1 wt% slurry to allow the system to achieve a new steady state. 

Throughout this entire process, COF was measured at 1,000 Hz in real-time and recorded 

as a function of time. To confirm the experimental reproducibility, at each pressure, 2 

wafers were polished.  

 

5.4 Results and Discussion 

As an example, Figure 5.3 shows the calibration curves obtained for three pads at 

5 PSI at four different ceria concentrations (e.g. 0.1, 0.25, 0.5 and 1.0 wt%). As seen 

from the shape of the best fitting curve, the relationship between COF and ceria 

concentration is non-linear. Exponential series is used to best fit the calibration curves. 

The best fitting equations for the fitting curves for Pad A, B and C are 

                                                 respectively. 
 

Figure 5.4(a) shows how COF changes with time during RTD experiment for pad 

A at 3 PSI. Initially, polishing is done with a ceria slurry containing 1 wt% abrasives 

which allows the system to reach steady state with respect to COF in about 60 seconds. 

Starting at 60 seconds and continuing until 130 seconds, the process is switched to a 0.1 

wt% ceria slurry and eventually results in a new steady state to be reached with respect to 
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COF at or about 130 seconds. A 5-points moving average method is used to smoothen the 

raw data. The curves in Figure 5.4(a) combines with the correlation plots of Figure 5.3 

are then used to construct abrasive concentration vs. time curves as shown in Figure 

5.4(b). 

 

 

Figure 5.3 Calibration curves relating ceria concentration of the slurry to COF at 5.0 PSI 

(R
2
 = 0.98 for Pad A, R

2
 = 0.99 for Pad B, and R

2
 = 0.98 for Pad C). 
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Figure 5.4 (a) COF and (b) ceria concentration as a function of polishing time for Pad A 

at polishing pressure of 3 PSI. 

By normalizing the results such that time is zero (t=0) at the moment the more 

concentrated slurry is introduced, and by compiling the concentration of the tracer in the 

exit stream as (C-Ci)/(Cf-Ci), where Ci is the average slurry abrasive concentration at the 

first steady state and Cf is the average slurry abrasive concentration at second steady 

state, such that the resulting curves all rise from 0 to 1 over time (i.e. the F-curve shown 

in Figure 5.5). Then the F curve fitting is obtained by using 6
th

 order polynomial fit with 
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R
2 

= 0.997. Equations 5.1 and 5.2 allow the construction of the E-Curve and the 

analytical integration of the respective MRTs. 

 

Figure 5.5 Non-dimensional F-curve. 

Figure 5.6 shows the slurry MRT for the three pads as a function of polishing 

pressure. Results indicate a general increase in slurry MRT with increasing groove width 

at a given pressure. At both 3 and 5 PSI, the pad with the widest groove design (Pad C) 

results in the longest MRT, while the pad with the narrowest groove design (Pad A) 

generates the shortest MRT. This is consistent with the results simulated by Muldowney, 

which shows a longer time is required to renew the slurry in the pad-wafer gap for a pad 

with larger groove pitch and wider and deeper groove design.
153

 The positive correlation 

between the MRT and groove width can be explained using classical reactor design 

theory. In a typical CMP process, the reactor volume can be approximated by the slurry 

holding capacity underneath a wafer.
141, 142

 The total reactor volume Vtotal consists of two 

parts, Vland and Vgroove, as shown in Figure 5.7. The film thickness of slurry between the 
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wafer and pad depends on various factors such as wafer pressure, pad-wafer sliding 

velocity and slurry flow rate.
98, 157-159

 For the purpose of estimating the contribution of 

Vland and Vgroove to Vtotal, a reasonable assumption is made by assuming the film thickness 

to be 15 μm at 3 PSI and 10 μm at 5 PSI.
98

 Using the pad parameters listed in Table 5.1, 

the estimated volumes for the three pads are calculated at each applied wafer pressure and 

listed in Table 5.2. Considering the fact that grooveh   is much larger than landh  (400 μm vs. 

10 ~ 15 μm), the contribution of Vgroove to Vtotal may be considered to be dominant. As a 

result, the Vgroove and Vtotal of Pad C are larger than those of Pad A and Pad B. Because 

MRT is equal to the ratio of reactor volume to the actual slurry flow rate beneath the 

wafer (see Equation 5.3), the pad with a larger Vtotal exhibits a longer slurry MRT at a 

given slurry flow rate. This explains why the slurry MRT increases with increasing 

groove width at both wafer pressures as shown in Figure 5.6.  

 

Figure 5.6 Slurry MRT as a function of wafer pressure. 
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Figure 5.7 CMP reactor volume analysis. 

 

Table 5.2 Analysis of Reactor Volume. 

 3 PSI 5 PSI 

Pad 
Vland 

(cm
3
) 

Vgroove 

(cm
3
) 

Vtotal 

(cm
3
) 

Vland 

(cm
3
) 

Vgroove 

(cm
3
) 

Vtotal 

(cm
3
) 

A 0.38 2.66 3.04 0.25 2.63 2.88 

B 0.31 4.41 4.72 0.21 4.35 4.56 

C 0.27 5.64 5.91 0.18 5.57 5.75 

 

Figure 5.6 also shows that slurry MRT observed at 5 PSI is generally shorter than 

that at 3 PSI. This negative trend between MRT and wafer pressure has also observed in a 

previous study using somewhat similar polishing conditions (i.e., pad-wafer sliding 

velocity of 0.93 and 1.24 m/s, and wafer pressure of 4 and 6 PSI).
142

 As the slurry film 

thickness between the wafer and pad decreases at a higher wafer pressure, less time is 

required to replace the spent slurry with the fresh slurry, thus resulting in a shorter slurry 

MRT.         
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In a CMP process, only a small percentage of slurry introduced to the pad actually 

reaches the pad-wafer interface and participates in wafer polish.
85

 Slurry utilization 

efficiency ( ) can be defined as:  

  
       

      
                                                          (4) 

where qactual is the slurry flow rate beneath the wafer and qtotal is the total slurry flow rate 

introduced onto the pad. In this study, qtotal is kept constant at 200 mL/min. Based on 

Equation 5.3, qactual can be obtained by: 

        
      

 
 ,                                                     (5) 

where Vtotal is the total reactor volume calculated in Table 5.2 and   is the measured 

slurry MRT shown in Figure 5.6.  The calculated values of qactual are listed in Table 5.3. 

Using Equation 5.4, the average slurry utilization efficiency ( ) for each pad is then 

calculated and listed in Table 5.3.  

Table 5.3. Analysis of slurry utilization efficiency. 

 3 PSI 5 PSI 

Pad 
  

(sec) 

Vtotal 

(cm
3
) 

qactual 

(mL/min) 
  

  
(sec) 

Vtotal 

(cm
3
) 

qactual 

(mL/min) 
  

A 9.2 3.04 19.8 9.9% 8.3 2.88 20.8 10.6% 

B 10.6 4.72 26.7 13.4% 9.3 4.56 29.4 14.7% 

C 13.9 5.91 26.1 12.8% 12.7 5.75 27.2 13.6% 
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When pad groove width increases from 300 to 600 µm (from Pad A to Pad B),   

increases by 35% and 39% at 3 and 5 PSI, respectively. This doubling of the pad groove 

width increases Vgroove significantly which in turn leads to a significant increase in Vtotal 

and  . On the other hand, when groove width increases further from 600 to 900 µm (from 

Pad B to Pad C),   does not change significantly. This is due to the fact that both Vtotal 

and   increase significantly for Pad C (Table 5.3). Comparing Pad B and Pad C, their 

ratios of Vtotal to   (i.e., qactual) are similar. Therefore, Pad B and Pad C result in similar 

values of slurry utilization efficiency. In summary, the slurry utilization efficiency first 

increases with pad groove width and then reaches a plateau with further increases in 

groove width in the range of parameters used in this study.   

Table 5.3 also shows that for all three pads, both        and   decrease when the 

wafer pressure increases from 3 to 5 PSI. As the slurry film thickness between the wafer 

and pad decreases at 5 PSI, less time is required to replace the spent slurry with the fresh 

one. While both        and   decrease at 5 PSI, the ratio (i.e., qactual) does not change 

significantly, resulting in similar values of slurry utilization efficiency at 3 and 5 PSI. 

This indicates that the wafer pressure has little effect on the slurry utilization efficiency in 

the range of parameters used this study. 

 

5.5 Conclusions 

Using the residence time distribution technique and classical reactor design theory, 

slurry mean residence time (MRT) and slurry utilization efficiency ( ) were investigated 

for three pads with different groove widths. When groove width increased from 300 to 

600 and then to 900 µm, total reactor volume bound between the pad and wafer increased 
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significantly, leading to an increase in MRT. For all three pads, MRT was reduced at a 

higher wafer pressure as slurry film thickness between the wafer and pad decreased. The 

analysis on slurry utilization efficiency showed that wafer pressure had little effect on   

in the range of parameters chosen for this study. On the other hand, when the groove 

width increased from 300 to 600 µm,   increased significantly, but when the groove 

width was increased further to 900 µm,    did not change. The above results indicate that 

pad groove width can be optimized to achieve shorter slurry MRT and higher slurry 

utilization efficiency for CMP processes.  
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CHAPTER 6                                                                                      

EFFECT OF PAD SURFACE MICRO-TEXTURE ON REMOVAL 

RATE DURING TUNGSTEN CMP 

 

This study investigated the effect of two conditioner discs (i.e. “Disc A” and 

“Disc B”) during tungsten chemical mechanical planarization. Results showed that while 

pad temperature and removal rate increased with polishing pressure and platen velocity 

on both discs, “Disc B” generated consistently lower removal rates and coefficients of 

friction than “Disc A”. To fundamentally elucidate the cause(s) of such differences, pad 

surface contact area and topography were analyzed using laser confocal microscopy. The 

comparison of the pad surface micro-texture analysis on pad surfaces conditioned by both 

discs indicated that “Disc A” generated a surface having a smaller abruptness (λ) and 

more solid contact area which resulted in a higher removal rate. In contrast, “Disc B” 

generated many large near-contact areas as a result of fractured and collapsed pore walls. 

 

6.1 Introduction 

Chemical mechanical planarization (CMP) has become the only accepted global 

planarization technology suitable for high volume manufacturing environment due to its 

fast material removal rate and high surface quality.
1, 2

 During last three decades, CMP has 

been effectively applied to a variety of materials in semiconductor chip fabrication.
20, 41, 84

 

Polishing pad is one of the key CMP consumables. During polishing, pad asperities 

support the abrasive particles in the slurry and make direct contact with the polished 
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surface. Therefore, the surface of the polishing pad plays a critical role in the CMP 

process and impacts performance such as material removal rate and defect formation.
1
  

Recently, laser confocal microcopy has been used to measure pad surface contact 

area and topography to investigate the relationship between pad asperities and polishing 

performance. Several previous studies on pad surface micro-texture have focused on 

surface characterization and its application in oxide and copper CMP.
96, 98, 109, 160

 For 

example, Sun et al. employed laser confocal microscopy to measure pad-wafer contact 

area as well as pad surface topography and investigated the relationship between contact 

area and contact summit density at different pressures.
98

 Liao et al. found that a larger 

amount of solid contact area resulted in a higher removal rate and lower coefficient of 

friction (COF) during copper CMP.
160

 However, Liao et al. indicated a similar pad 

surface height probability density function and abruptness on the pad surfaces 

conditioned with two different conditioning discs. Liao et al. also studied the effect of 

pad surface summit curvature on dishing and erosion in shallow trench isolation CMP. 

Results indicated that pads with higher mean pad summit curvature generated higher 

dishing and erosion during pattern wafer polishing.
96

  

To date, no publicly available work has reported the effect of pad surface micro-

texture on polishing performance such as COF and removal rate for tungsten CMP 

applications. As such, the objective of this study is to investigate the effect of pad surface 

micro-texture in tungsten CMP. Two substantially different chemical vapor deposited 

(CVD) conditioning discs are employed to generate and study two different pad surface 

micro-textures (i.e. contact area, pad surface height probability density function and pad 

surface abruptness). For each disc, several 300-mm tungsten wafers are polished and then 
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removal rate, COF and pad surface temperature are measured. In addition, pad surface 

micro-texture in terms of pad contact area percentage and surface abruptness are analyzed 

via laser confocal microscopy. Effects of pad surface micro-texture on removal rate and 

COF are then evaluated.  

 

6.2 Experimental 

All polishing tests were performed on an Araca APD-800X polisher and 

tribometer. The system has the ability to acquire, in real-time, polishing down force and 

shear force (both at 1,000 Hz) thus allowing the exact measurement of the pad-slurry-

wafer COF.
140

 Blanket 300-mm tungsten wafers were polished on an Epic® D100 

concentrically grooved pad (manufactured by Cabot Microelectronics Corp.). Each wafer 

was polished for 45 seconds with Semi-Sperse
TM

 W2000 slurry (manufactured by Cabot 

Microelectronics Corp.) mixed to its recommended ratio with hydrogen peroxide. Slurry 

flow rate was kept constant at 250 ml/min. Six combinations of polishing pressures and 

sliding velocities were employed as follows: 1.5 PSI – 1.0 m/s, 1.8 PSI – 1.2 m/s, 2.1 PSI 

– 1.4 m/s, 2.3 PSI – 1.6 m/s, 2.4 PSI – 1.8 m/s, and 2.5 PSI – 2.0 m/s. Two commercially 

available, and widely adopted in high volume IC manufacturing, CVD conditioning discs 

were employed. The purpose for selecting these two discs was not to compare the 

performance of the discs themselves or to suggest that we favored one over the other. 

Instead, the sole reason was to be able to produce two substantially different pad micro-

textures by using two substantially different discs. Figure 6.1, shows top-down 

photographs of each disc used in this study referred to as “Disc A” and “Disc B”.  The 

main differences between the two discs were the shapes and patterns, as well as the 
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density of the tiles that housed the CVD coated protrusions (Figure 6.1). Also different 

were the the morphology and structure of the CVD-coated protrusions themselves as 

evident in the SEM micrographs of Figure 6.2. “Disc A” was manufactured by 3M 

Corporation and had a highly ordered protrusion patterns, while “Disc B” was 

manufactured by Morgan Advanced Materials and employed a random protrusion pattern. 

(Figure 6.2). Each disc was used to condition the pad at a constant down force of 27 N. In 

each case the disc rotated at 95 RPM with a sweeping frequency of 10 times per minute 

across the pad surface. The disc, pad and wafer rotated in a counter clock-wise fashion. 

For each disc, the pad was initially broken-in for 1 hour with ultra-pure water. Based on 

our prior experience, 10 dummy tungsten wafers were then polished for a total of 10 

minutes to ensure that a stable pad surface had been achieved prior polishing tungsten 

monitor wafers. A CMT-SR5000 Sheet Resistance/Resistivity Measurement System was 

used to measure the tungsten film thickness before and after wafer polishing in order to 

calculate the average removal rate. 

   

Figure 6.1 Top-down photographs of “Disc A” (left) and “Disc B” (right). 
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Figure 6.2 SEM micrographs of “Disc A” (top) and “Disc B” (bottom). 

For each disc, a pad sample was extracted after completion of monitor wafers 

polishing. The pad surface topographies were acquired using a Zeiss LSM 510 Meta laser 

confocal microscope. For each pad sample, a series of ten contiguous, non-overlapping 

images were taken from left to right on one pad land area. Each image size was 450 × 

450 µm
2
. Pad surface height probability density functions (PDFs) were constructed based 

on the measured topographic images, and pad surface abruptness (λ) was extracted. The 

methods associated with pad contact area analysis and topography measurements by our 

research group have been described in detail elsewhere. 
97, 98

 

To acquire pad contact images, a sample holder with a sapphire window was used 

to apply a known pressure on the back side of pad samples. The pressure was determined 
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by dividing the applied load (measured using a miniature load cell) by the area of the 

sapphire window.
97

 Ten pad surface contact images were taken in approximately the 

same location as those used for topography measurements by applying a contact pressure 

of 2 PSI. Again, each topographic image size was 450 × 450 µm
2
. Contact area was then 

extracted from the contact images and the contact area percentage was calculated by 

dividing the measured contact area over the total analyzed pad surface area.
97, 98

 

 

6.3 Pad surface analysis 

Based on the topographic images collected by laser confocal microscopy, pad 

surface height probability density function (PDF) can be constructed. An example of the 

resulting PDF plot is shown in Figure 6.3. The right side of the curve corresponds to 

upper part of pad surface including pad asperities that contact wafers during polishing. 

When the asperity summits have exponentially distributed heights, the right hand tail of 

the curve will be linear on a logarithmic plot, and can be characterized by a decay length 

(generally reported in micron). This is referred to pad surface abruptness and defined as 

the distance over which the right hand tail of the surface height probability density drops 

by a factor of e. Detailed descriptions of the abruptness analysis performed by our 

research group can be found elsewhere.
97, 161

 In general, a pad surface having a higher λ 

value indicates a larger range of surface heights and, therefore, the surface appears to be 

less smooth. When λ is small, there is a small range of surface heights and the surface is 

considered to be somewhat smooth. 
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Figure 6.3 Example of a plot of pad surface height probability density function (PDF). 

Figure 6.4 shows an example of a reflection image collected at the pad-wafer 

contact region using the laser confocal microscope. In the image, areas with an even gray 

color are located substantially below the sapphire interface. Contact areas are black spots, 

as predicted by the interface reflection-refraction theory.
98

 An enlargement of a contact 

area is also shown in Figure 6.4. Constructive and destructive interferences in the near-

contact areas produce “zebra stripes” which are associated with relatively flat areas of the 

pad. Detailed description of the contact area measurement methodologies can be found 

elsewhere.
97, 98
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Figure 6.4 Example of a reflection image collected at the pad-wafer contact region using 

the laser confocal microscope. 

 

 

6.4 Preston’s and the Langmuir-Hinshelwood Removal Models  

The Preston’s equation (Equation 3.13) was developed in 1927,
120

 and is the most 

widely used empirical relationship that correlates the removal rate to pressure and 

velocity in the CMP process: 

                                              (Equation 3.24) 
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Preston’s RR is the material removal rate, P is the applied downforce during polishing 

process, V is the linear velocity of the wafer relative to the polishing pad, and Kp is the 

coefficient which is a function of the film, pad, and slurry properties. 

Since Preston’s equation may not predict material removal in every CMP process, 

Borucki et al. developed a two-step removal model based on Langmuir-Hinshelwood 

style kinetics.
1, 123, 125

 This two-step modified Langmuir-Hinshelwood model is designed 

to explain non-Prestonian behavior and determine the kinetics of a CMP process.
1, 123, 125

 

In this model,  n moles of an unspecified reactant R in the slurry react with surface film 

(M) of the wafer at a chemical reaction rate k1 to form a product layer L.  

    
  
                                          (Equation 6.1) 

This product layer is then removed by mechanical effect with a mechanical rate k2. 

                                     
  
                                 (Equation 6.2) 

The mechanical rate constant k2 is proportional to the frictional power density as 

suggested in Preston’s equation:
120

 

                                    (Equation 6.3) 

where    is a proportionality constant,    is the kinetic COF, P is the applied pressure, 

and V is the linear velocity of the wafer relative to the polishing pad. The chemical react 

rate constant k1 can be expressed as Arrhenius equation: 
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                               (Equation 6.4)            

where A is an empirical exponential factor with units of mol/m
2
, E is the slurry activation 

energy of the rate-limiting chemical step (i.e. oxidation step in Cu CMP), R is a constant 

(8.62×10
-5

 eV/K), and T is the wafer surface reaction temperature.  

 

6.5 Results and discussion 

Figure 6.5 summarizes the average values of removal rates, COF and pad surface 

temperature for all polishing conditions in this study. Firstly, since the COF values 

associated with each disc do not vary significantly, the lubrication mechanism can 

essentially be assumed to be the same for each condition. In this case, boundary 

lubrication is the dominant tribological mechanism for both processes.
91, 162, 163

  

In addition, when it comes to COF and removal rate, both discs demonstrate 

similar general trends, it is evident that “Disc A” generates consistently higher removal 

rates, COFs and pad surface temperatures as compared to “Disc B” at all polishing 

conditions. At any given value of P × V, the mechanical action between the pad and the 

wafer increases with COF. Higher mechanical rates will typically lead to higher material 

removal rates.  

Moreover, the result shows that tungsten removal rate increases with increasing 

pressure and velocity for both discs. This is consistent with Preston’s equation. However, 

in this study, since two different pad surfaces are generated by two different conditioner 

discs, we should take into account the contribution of COF to removal rate.  
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Figure 6.6 plots the removal rate as a function of COF×P×V. When the Preston’s 

curve is adjusted by COF, the RR results from both discs seem to fall on a single curve. 

This is not the first time such a behavior has been reported; a similar result, obtained by 

our research team,  can be found on ILD polishing.
164

 This indicates that pad surface 

micro-texture differences, and the way they alter the COF of the process, are key in 

determining the kinetics of the process. 

Even when the Preston’s equation is adjusted by COF, it is still purely mechanical, 

with no direct inclusion of temperature or chemical effects. In order to investigate the 

effect of temperature on the kinetics of the process, the change in pad surface temperature 

as a function of P × V is plotted in Figure 6.5. Results shows that pad surface temperature 

consistently increases with P × V on both discs. It must be noted that the P × V value is 

equivalent to the mechanical power exerted by the polishing system, therefore, increasing 

values of P × V, coupled with the fact that COF values remain constant, indicate an 

increasing frictional force between the wafer and the pad thus leading to higher frictional 

heat generated between pad and wafer.
165

  

Based on the change in the pad surface temperature, we can separate the results 

into two zones (shown in Figure 6.5). In Zone I, the increase in temperature is very small 

between any two polishing conditions (i.e. 1% - 3%). In other words, the temperature in 

Zone I is more or less similar for all polishing conditions. According to the Langmuir-

Hinshelwood Removal Model, therefore, the increase in the chemical reaction rate 

constant, k1, will be very small in Zone I. The increase in the removal rate is mainly due 

to the increase in the mechanical rate which is proportional to the mechanical power 

density applied to the polishing system. This result indicates that the polishing 
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mechanism in Zone I is a mechanically driven process. In Zone II, the chemical rate 

constant, k1, is exponentially increased with temperature. More chemical action leads to a 

significant increase in removal rate in Zone II. Therefore, the polishing mechanism of 

Zone II can be considered to be a chemically driven process. In summary, the polishing 

mechanism departs from a mechanically driven process at lower values of P×V to a 

chemically driven process at higher values of P×V. 
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Figure 6.5 Removal rate, COF and pad surface temperature comparison between                          

“Disc A” and “Disc B”. 

Zone I 

Zone II 

Zone I 

Zone II 
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Figure 6.6 Correlation between removal rate and COF×P×V. 

 

Table 6.1 Comparison of surface properties between pads conditioned with                               

“Disc A” and “Disc B”. 

 

 
Contact Area 

Percentage (%) 

Abruptness, λ 

(micron) 

Pad surface conditioned 

with “Disc A” 
0.075 2.23 

Pad surface conditioned 

with “Disc B” 
0.016 4.13 

 

It must be noted that in this study, the conditioning disc is the only polishing 

parameter that has been changed. Therefore, it is hypothesized that the type of disc used 

in the conditioning process affects pad surface micro-texture thus leading to the observed 

differences in COF and removal rate. 

Table 6.1 summarizes pad contact area percentage as well as the abruptness 

parameter, λ, of the samples conditioned by “Disc A” and “Disc B”. It is important to 

note that the measured contact area percentages are relatively small at 0.075 % and 0.016 % 
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for “Disc A” and “Disc B”, respectively. Such small contact area percentages are 

comparable to several research results published by our group.
97, 160, 166

  

Pad contact area results suggest that the pad surface conditioned by “Disc A” 

generates more pad-wafer contact during polishing. In order to highlight the differences 

in the regions that contact the wafer, Figure 6.7 shows a comparison of contact images 

(i.e. for samples conditioned using “Disc A” and “Disc B”) collected via laser confocal 

microscopy. It is clear that more solid contact areas are detected in the left image (i.e. pad 

samples conditioned by “Disc A”). The right image (i.e. pad sample conditioned by “Disc 

B”) shows a large amount of near-contact areas. By matching the confocal images with 

the SEM images, Liao et al. reported that solid contact areas corresponded to clear pore 

structures and large flat near-contact areas corresponded to fractured and collapsed pore 

walls.
160

 Therefore, it is concluded that “Disc A” generates more clear pore structures 

while “Disc B” generated more collapsed pore structures. During polishing, a 

significantly thicker slurry film is developed between the fractured and collapsed pore 

walls and the wafer surface. The presence of such a slurry layer located on large flat near-

contact areas generates positive fluid pressure and makes the polishing interface more 

lubricated, thereby rendering lower COF and removal rate values.
160
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Figure 6.7 Pad surface contact area image for pad sample conditioned by                              

“Disc A” (left) and “Disc B” (right). 

 

Figure 6.8 Pad surface topography images of the pad sample conditioned by “Disk A” 

(left) and “Disk B” (right). 

In addition to pad surface contact area, pad surface abruptness is also known to be 

an important factor impacting CMP performance. Figure 6.8 shows the comparison of 

topo images of pad samples conditioned with “Disc A” and “Disc B”. For the surface 

conditioned by “Disc A”, the color of the part above the reference level (Z = 0 µm) is 

uniform, and the height of most asperities is about 20 µm. On the contrary, for the pad 
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surface conditioned by ‘Disc B”, the surface height distribution is not uniform. A small 

number of tall asperities with the height of 40 µm (in red color) are observed.  

Furthermore, pad surface abruptness (λ) is also extracted to compare these two 

sample surface. Generally speaking, a larger value of λ indicates a larger range of surface 

heights. Therefore the surface appears to be less smooth. When λ is small, surface heights 

is within a smaller range making the surface appear smooth.
97

 Pad samples conditioned 

by “Disc A” and “Disc B” have significantly different λ values of 2.23 and 4.13 micron, 

respectively. Pad samples conditioned by “Disc A” have a smaller abruptness value 

which indicates a narrow distribution of surface heights and a smoother surface. In other 

words, as shown in Figure 6.9(a), the asperities or peaks on this pad surface are shorter 

and more uniform, and therefore, more solid contact areas are generated in this case. The 

pad surface accommodates more solid contact. 

 
Figure 6.9 Simulation of pad-wafer contact for (a) “Disc A” and (b) “Disc B”. 

In contrast, a higher λ value for the pad sample conditioned by “Disc B” suggests 

a wide distribution of surface heights where some tall asperities exist on the pad surface. 
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In this case, as shown in Figure 6.9(b), wafer surface is mainly supported by several tall 

asperities during polishing. Such conditions lead to less solid contact area between pad 

and wafer which show up as “zebra stripes” (i.e. more near-contact areas) in the images 

obtained by confocal microscopy.  

From the pad surface analyses described above (i.e. pad contact area percentage 

and pad surface abruptness), it can be concluded that, “Disc A” conditions the pad 

surface more efficiently than “Disc B” and, therefore, results in higher material removal 

rate than “Disc B”. 

 

6.6 Conclusion 

In this study, the effect of pad micro-texture on removal rate during tungsten 

CMP process was investigated. Two different diamond discs, “Disc A” and “Disc B”, 

were used to condition a D100 pad, on which 300-mm blanket tungsten wafers were 

polished with different pressures and velocities.  “Disc A” generated significantly higher 

values of COF and removal rate than “Disc B”. Pad samples were taken after wafer 

polishing and pad surface contact area and topography were analyzed using laser 

confocal microscopy. Results showed that “Disc A” generated a surface with smaller 

abruptness (λ) and a narrow surface height distribution which indicated that surface 

asperities were more uniform therefore leading to more solid contact area. Higher contact 

area percentages resulted in higher removal rates because more pad asperities contributed 

to the polishing process. In contrast, “Disc B” generated large amounts of flat near-

contact areas that corresponded to fractured and collapsed pore walls. This made the pad 
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surface more lubricated during wafer polishing and resulted in significantly lower values 

of COF and removal rate. 
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  CHAPTER 7                                                                          

CONCLUSION AND FUTURE PLANS 

 

7.1 Conclusions 

A series of studies were conducted in this dissertation to study the fundamentals 

of the CMP process, and to provide possible solutions to some of the CMP challenges. 

The primary conclusions of each major study are presented below. 

 

 Mean Residence Time and Dispersion Number Associated with Slurry 

Injection Methods in CMP (Chapter 4): This study investigated two variants 

of a novel slurry injection system (SIS) that shared a common feature to 

efficiently introduce fresh slurry into the pad-wafer interface. For each system, 

silicon dioxide removal rate, mean pad surface temperature and mean pad-

slurry-wafer COF were measured. The classical residence time distribution 

(RTD) technique was used to calculate slurry MRT and dispersion number. 

Results indicated that the SIS exhibited lower slurry MRT and dispersion 

numbers than standard pad center area slurry application since the SIS 

blocked the spent slurry and residual rinse water from re-entering the pad-

wafer interface during polishing. In addition, the novel SIS resulted in lower 

dispersion numbers indicating a lower extent of axial dispersion and slurry 

mixing (i.e. among fresh slurry, spent slurry and residual rinse water) during 

polishing process. This study suggested that the extent of the slurry MRT and 

axial dispersion could be manipulated by modifying the SIS design. For 
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example, a SIS design that allowed a larger amount of spent slurry and 

residual rinse water to re-enter the pad-wafer interface would result in higher 

slurry MRT and dispersion number. 

 

 Effect of Pad Groove Width on Slurry Mean Residence Time and Slurry 

Utilization Efficiency in CMP (Chapter 5): In this study, slurry MRT and 

slurry utilization efficiency ( ) was obtained for three concentrically grooved 

pads with different grooves widths at different polishing pressures using the 

RTD technique. When groove width increased from 300 to 600 and then to 

900 µm, total reactor volume bound between the pad and wafer increased 

significantly, leading to an increase in MRT. For all three pads, MRT was 

reduced at a higher wafer pressure as slurry film thickness between the wafer 

and pad decreased. The analysis on slurry utilization efficiency showed that 

wafer pressure had little effect on   in the range of parameters chosen for this 

study. On the other hand, when the groove width increased from 300 to 600 

µm,   increased significantly, but when the groove width was increased 

further to 900 µm,    did not change. The above results indicate that pad 

groove width can be optimized to achieve shorter slurry MRT and higher 

slurry utilization efficiency for CMP processes.  

 

 Effect of Pad Surface Micro-Texture on Removal Rate during Tungsten CMP 

(Chapter 6): The objective of this study was to investigate the effect of pad 

surface micro-texture in tungsten CMP. Two different conditioner discs 
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(“Disc A” and “Disc B”) were employed to generate different pad surface 

micro-textures during polishing. For each disc, several 300-mm tungsten 

wafers were polished and then removal rate, COF and pad surface temperature 

were measured. “Disc A” generated significantly higher values of COF and 

removal rate than “Disc B”. Pad samples then were taken after wafer 

polishing and pad surface contact area and topography were analyzed using 

laser confocal microscopy. Results showed that “Disc A” generated surfaces 

with smaller abruptness (λ) and a narrow surface height distribution which 

indicated that surface asperities were more uniform therefore leading to more 

solid contact area. Higher contact area percentages resulted in higher removal 

rates because more pad asperities contributed to the polishing process. In 

contrast, “Disc B” generated large amounts of flat near-contact areas that 

corresponded to fractured and collapsed pore walls. This made the pad surface 

more lubricated during wafer polishing and resulted in significantly lower 

values of COF and removal rate. 

 

7.2 Future Plans 

Given the variety of work conducted in this dissertation, several future studies can 

be proposed.  

 Mean Residence Time and Dispersion Number Associated with Slurry 

Injection Methods in CMP (Chapter 4): This study investigated a novel slurry 

injection system (SIS) that efficiently introduced fresh slurry into the pad-

wafer interface. Results indicated that the SIS exhibits lower slurry MRT and 
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dispersion number but higher removal rate than standard pad center slurry 

application since SIS blocked the spent slurry and residual rinse water from 

re-entering the pad-wafer interface during polishing. This spent slurry 

contains reaction products, foam and pad debris (due to pad conditioning) that 

cause wafer-level defects. Therefore, it is worthwhile to evaluate the effect of 

SIS on reducing defects in the future. In addition, SIS can be used for oxide 

polishing with ceria based slurries which gives better polishing performance at 

high dilution ratios. We should investigate a method to further manipulate 

MRT (i.e increase MRT compared to standard point application) for “reverse 

dilution” cerium oxide slurries.  

 

 Effect of Pad Groove Width on Slurry Mean Residence Time and Slurry 

Utilization Efficiency in CMP (Chapter 5): In this study, slurry MRT and 

slurry utilization efficiency ( ) was obtained for three concentrically grooved 

hard pads (Dow IC1000) with different grooves widths at different polishing 

pressures using the RTD technique. The results indicated that pad groove 

width could be optimized to achieve shorter slurry MRT and higher slurry 

utilization efficiency for CMP processes. Besides slurry MRT and  , it is 

worthwhile to compare these pad grooves widths in terms of other 

performance parameters (i.e. removal rate and wafer surface defects). In 

addition, as we know, soft pad (i.e. Fujibo pad) is totally different from hard 

pads in terms of pore structure and compressibility. Therefore, such 

differences should lead to a large impact on slurry holding capacity. It will be 
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beneficial to compare the slurry mixing and transport between hard and soft 

pads. 

 

 Effect of Pad Surface Micro-Texture on Removal Rate during Tungsten CMP 

(Chapter 6): In this study, two different conditioner discs (“Disc A” and “Disc 

B”) were employed to generate different pad surface micro-textures during 

polishing. Pad samples then were taken after wafer polishing and pad surface 

contact area and topography were analyzed using laser confocal microscopy. 

Results showed that “Disc A” generated surfaces with smaller abruptness (λ) 

and more solid contact area and then resulted in a higher removal rate. In the 

future, it will be beneficial to use the Langmuir-Hinshelwood removal model 

to theoretically investigate the W removal mechanism. This will be especially 

useful at high pressures and velocities which cause temperature to increase. 

Also, it is believed that the pad surface micro-structure affects defect 

performance especially micro-scratches. Therefore, we should collect defect 

data in future tests, and correlate these data with the pad surface micro-

structure.  Furthermore, we can use the SIS discussed in Chapter 4 to explore 

the possibility of removal rate increase and slurry saving in W CMP. 

 The load cells system is currently used to detect strong vibration in some 

polishing conditions. However, the integration of load cells is very complex 

and intrusive. We can propose a high speed camera system to detect such 

vibration, the high speed camera system is much less intrusive as it can be 
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installed relatively further away from the polishing action on some non-

critical part of polisher’s body. 
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