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Abstract 

 

Cerium oxide or ceria has garnered a wide range of applications due to its redox active nature. 

This redox activity is due to oxygen vacancies on the surface of the ceria creating a layer of 

mixed oxide with the unstable oxide Ce2O3 (Ce3+) present at the same time as the bulk oxide 

CeO2 (Ce4+). Possible applications for ceria include water splitting, oxidation of carbon 

monoxide, oxidation of reactive oxygen species and polishing of glass films. In recent years, 

ceria nanoparticles have been used for polishing thermal silicon oxide during the early steps of 

semiconductor fabrication in a process referred to as chemical mechanical planarization (CMP). 

The advantage of these particles is their ability to abrade an oxide surface chemically using the 

aforementioned redox properties, as well as mechanically. To meet the needs of manufacturing, 

mainly removal rate and surface roughness, the particles used must have well controlled physical 

properties such as size and shape for mechanical removal and ratio of cerium oxidation state for 

chemical removal.  This study encompasses three parts following the design of ceria slurries, 

their implementation in the existing silicon oxide polish and applying these findings to create 

novel slurries for polishing metals.  

 

To design ceria slurry, the ratio of Ce3+/Ce4+ on the surface of abrasive was maximized by 

altering the slurries’ chemical environment. Maximizing this ratio increases the proportion of 

active Ce3+ sites which participate in removal reactions. The effect of chemical environment on 

the Ce3+/Ce4+ ratio was determined through XPS analysis of the Ce 3d spectrum. The knowledge 

gained in this first section informed the design of ceria slurries for the following two parts to 

maximize their effectiveness. The second part of this thesis applies this knowledge to create ceria 
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slurries that polished thermal oxide with higher material removal rate (MRR) and lower post-

polish roughness than slurries that are currently being used in industry. The basis of ceria 

polishing is known as the tooth-comb model. In this model oxygen at Ce3+ sites will undergo a 

condensation reaction with oxygen on the surface to be polished. As the particle leaves this will 

rip material off of the wafer surface. While the tooth-comb model was proposed for polishing 

silica, the final part of this thesis seeks to generalize it to encompass polishing any oxide given 

the correct conditions. To demonstrate this, I created ceria slurries to polish metals relevant to 

the semiconductor industry (copper, tungsten and ruthenium) with polishing metrics that equal or 

exceed those of industry standard slurries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

 

Acknowledgements 

 

I would first like to extend a special thank you to my advisor, Dr. Kathleen Dunn, whose 

guidance and knowledge has helped me immensely throughout my time at SUNY Polytechnic 

Institute. Since the time I first joined her lab, she has taught me many things about materials 

science, metrology, technical writing and my future career path. Her help has had profound 

impacts on both me and my future and I can’t thank her enough for all she has done. Thank you, 

Dr. Dunn. 

 

I could not have completed this work without the help of the members of my group, Cu Club and 

fellow graduate students. Thank you, Kevin, Mami, Niaz, Jenny, Katie and Wilkie for both your 

assistance and more importantly, friendship during my time here. I would also like to thank 

Miguel, Steve, and the rest of the Metrology department for their support during my research. 

 

I would also like to extend my appreciation to Dr.’s Carpenter, Thiel, Borst and Hatzistergos for 

accepting my invitation to be on my defense committee. I have a great deal of respect for you 

and for the work that you have done. Thank you for allowing me the opportunity of having you 

on my committee.  

 

To my parents, Michael and Lila, and my brother Cody, thank you for your love and support 

throughout the years, I would not have accomplished a fraction of what I have today without 



vi 
 

you. I will always be grateful for what you have done for me and will love you with all of my 

heart.  

 

Finally, I would like to thank my wife Rachel. Your constant support, affection and 

encouragement has helped me become a better scientist and person. I cannot imagine what I 

would be like without you and I will love you for the rest of my life. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

Table of Contents 

Abstract .......................................................................................................................................... iii 

Acknowledgements ......................................................................................................................... v 

Table of Contents .......................................................................................................................... vii 

List of Tables .................................................................................................................................. x 

List of Figures ................................................................................................................................ xi 

I. General Introduction ................................................................................................................ 1 

A. Chemistry of Cerium............................................................................................................ 1 

B. Applications of Ceria ........................................................................................................... 5 

C. Design of the Semiconductor CMP Process ........................................................................ 6 

D. History of Semiconductor CMP......................................................................................... 18 

E. Ceria CMP Removal Mechanism ...................................................................................... 21 

II. Characterization Methods ...................................................................................................... 29 

A. Scanning Electron Microscopy .......................................................................................... 29 

B. X-Ray Photoelectron Spectroscopy ................................................................................... 31 

C. pH ....................................................................................................................................... 36 

D. Ellipsometry ....................................................................................................................... 36 

E. Atomic Force Microscopy ................................................................................................. 37 

F. Profilometry ....................................................................................................................... 40 

G. Mass Removal .................................................................................................................... 41 



viii 
 

III. Design of Ceria Slurry for CMP Applications ................................................................... 42 

A. Introduction ........................................................................................................................ 42 

1. Determination of Chemical Effects with XPS ............................................................... 45 

B. Materials and Methods ....................................................................................................... 60 

1. Materials ......................................................................................................................... 60 

2. Procedure ........................................................................................................................ 60 

C. Results and Discussion ...................................................................................................... 61 

1. Effect of particle size...................................................................................................... 61 

2. Effect of pH .................................................................................................................... 64 

3. Effect of peroxide ........................................................................................................... 66 

4. Effect of surfactant ......................................................................................................... 70 

D. Conclusions ........................................................................................................................ 71 

IV. Improved Ceria Slurry for Thermal Silicon Oxide Polishing ............................................ 72 

A. Introduction ........................................................................................................................ 72 

B. Materials and Methods ....................................................................................................... 76 

1. Materials ......................................................................................................................... 76 

2. Procedures ...................................................................................................................... 77 

C. Results and discussion ....................................................................................................... 82 

1. Effect of peroxide ........................................................................................................... 82 

2. Effect of pH .................................................................................................................... 84 



ix 
 

3. Effect of particle size...................................................................................................... 87 

4. Effect of Surfactants ....................................................................................................... 89 

5. Selectivity measurements ............................................................................................... 92 

D. Conclusions ........................................................................................................................ 94 

V. Improved Ceria Slurry for Metal Polishing ........................................................................... 95 

A. Introduction ........................................................................................................................ 95 

B. Materials and Methods ..................................................................................................... 104 

1. Materials ....................................................................................................................... 104 

2. Procedures .................................................................................................................... 105 

C. Results and discussion ..................................................................................................... 106 

1. Ruthenium polishing .................................................................................................... 106 

2. Tungsten polishing ....................................................................................................... 113 

3. Copper polishing .......................................................................................................... 118 

D. Conclusions ...................................................................................................................... 123 

VI. A Final Summary ............................................................................................................. 125 

VII. References ........................................................................................................................ 128 

 

  



x 
 

List of Tables 

Table 3.1. Physical properties of ceria particles with different synthesis methods ...................... 44 

Table 3.2 List of peaks by binding energy and type. Colors ........................................................ 48 

Table 3.3 Chemicals used during ceria abrasive slurry trials ....................................................... 60 

Table 3.4 Average size and Ce3+% of as-received ceria powders ................................................ 64 

Table 4.1 Chemicals used during ceria polishing experiments ..................................................... 76 

Table 5.1 Parameters for effective polishing through the tooth-comb mechanism .................... 101 

Table 5.2 Chemicals used during metal polishing experiments ................................................. 104 

Table 5.3 Hardness of different metal CMP materials using the common Mohs scale along with 

approximate Vickers scale values. .............................................................................................. 115 

 

  



xi 
 

List of Figures 

Figure 1.1. Crystal structure for a) fluorite CeO2, b) hexagonal Ce2O3, c) monoclinic Ce2O3 and 

d) bixbyite Ce2O3. ........................................................................................................................... 2 

Figure 1.2. Schematic of a CMP polishing setup, with major components labeled. ...................... 7 

Figure 1.3. a) Top-down and b) Cross-sectional Optical Images of a Chem-Pol™ polishing pad. 8 

Figure 1.4. Schematic representation of the complex nature of CMP. ........................................... 9 

Figure 1.5. SEM cross section a) of a type II pad (above line) with a type I subpad (below line) 

and b) a top down SEM image of the type II pore structure [32] ................................................. 11 

Figure 1.6. SEM cross sections of a) a type III pad [30] and b) a type IV pad [36]. .................... 12 

Figure 1.7. Polishing pads before and after break-in .................................................................... 13 

Figure 1.8. Pad glazing followed by surface recovery due to conditioning. ................................ 14 

Figure 1.9. Diamonds of different a) size, b) depth, c) orientation and d) shape on a conditioner 

along with an e) SEM image of a conditioner pad [39]. ............................................................... 15 

Figure 1.10. Optical images of diamonds placed on a conditioner pad in a) spiral [40] and b) ring 

patterns [41]. ................................................................................................................................. 16 

Figure 1.11. a) Optical image of a microreplicated diamond conditioner. b) SEM image of the 

cutting surface with a repeating pyramidal motif of ceramic that diamond is CVD coated onto. 17 

Figure 1.12. 1997 SEM images of DRAM a) without and b) with CMP [55].............................. 20 

Figure 1.13. Schematic representation of the mechanical polishing process in CMP .................. 23 

Figure 1.14 Filling of ceria oxygen vacancies in water. ............................................................... 24 

Figure 1.15. Schematic representation of the chemical polishing process of ceria in CMP ......... 26 

Figure 2.1. SEM images before a) and after b) image correction ................................................. 30 

Figure 2.2. Diagram of an XPS photoelectron emission .............................................................. 32 



xii 
 

Figure 2.3. Schematic of an XPS hemispherical detector ............................................................. 34 

Figure 2.4. Schematic of the ellipsometry process ....................................................................... 37 

Figure 2.5. SEM image of the cantilever a) and tip b) of a Bruker TESPA-V2 AFM Probe [10].

....................................................................................................................................................... 39 

Figure 3.1. Theoretical spectra of Ce4+(blue) and Ce3+(red). ........................................................ 47 

Figure 3.2. Diagram of cerium 3d orbital splitting in Ce4+ ........................................................... 49 

Figure 3.3. Schematic diagram of a shake-up energy transfer ...................................................... 51 

Figure 3.4. Schematic diagram of the shake-off energy transfer .................................................. 52 

Figure 3.5. Schematic diagrams of a shake-down electron transfer ............................................. 54 

Figure 3.6. XPS spectra of the CeO2 film initially a) and after 2400 s etching b)........................ 55 

Figure 3.7. The importance of realistic fiting in XPS analysis. a) Fitting a ceria peak without 

constraints and (b) with proper constraints ................................................................................... 58 

Figure 3.8. SEM images of a) Ce1 (68 nm) and b) Ce2 (20 nm) at a magnification of 150kx. The 

final image c) Ce3 (6 nm) was obtained at a magnification of 450kx. ......................................... 62 

Figure 3.9. XPS analysis of as-received ceria abrasives a) Ce1 b) Ce2 c) Ce3. ........................... 63 

Figure 3.10. Effect of pH on the Ce3+ concentration of different ceria particles. ......................... 65 

Figure 3.11. Effect of H2O2 on the Ce3+ concentration of different ceria particles ...................... 67 

Figure 3.12. Catalase mimetic activity of ceria ............................................................................ 69 

Figure 3.13. Effect of surfactants on the Ce3+ concentration both a) without H2O2 and b) with 0.5 

wt.% H2O2 at 0.5 wt.% surfactants ............................................................................................... 71 

Figure 4.1. SEM images [5], of “chatter mark” defects due to STI CMP .................................... 73 

Figure 4.2. Effect of H2O2 concentration on the a) MRR of ceria slurries and the b) post-polish 

oxide surface (RZ and RRMS) ......................................................................................................... 83 



xiii 
 

Figure 4.3. Effect of slurry pH on the a) MRR of ceria slurries and the b) post-polish oxide 

surface (RZ and RRMS) ................................................................................................................... 85 

Figure 4.4. Optical images of the surface of a thermal oxide coupon post-polish with a) a pH 4 

ceria slurry and b) a pH 8 ceria slurry........................................................................................... 86 

Figure 4.5. Effect of abrasive size on the a) MRR of ceria slurries and the b) post-polish oxide 

surface (RZ and RRMS) ................................................................................................................... 88 

Figure 4.6. Effect of surfactant on the a) MRR of ceria slurries and the b) post-polish oxide 

surface (RZ and RRMS) ................................................................................................................... 90 

Figure 4.7. Conceptual depiction of ceria particles (blue) covered in a) micellular or b) linear 

surfactants (orange) ....................................................................................................................... 91 

Figure 4.8. Comparison between the MRR of 68 nm ceria with 5 nm micellular surfactants to 80 

nm silica. ....................................................................................................................................... 92 

Figure 4.9. Effect of slurry improvements on the selectivity of oxide to nitride MRR ................ 93 

Figure 5.1. Schematic representation of a metal CMP process .................................................... 97 

Figure 5.2. a)&d) SEM image of a copper wire that has undergone galvanic corrosion with 

STEM b) and EELS c) images of the interface............................................................................. 98 

Figure 5.3. Schematic of metal CMP cycle ................................................................................ 100 

Figure 5.4. SEM images of a) 68 nm ceria particles and b) a mix of 80 nm and 30 nm silica 

particles ....................................................................................................................................... 107 

Figure 5.5. Performance comparison polishing ruthenium films with silica and ceria slurries 

having equal abrasive content by weight .................................................................................... 108 

Figure 5.6. Effect of H2O2 on Ce3+% at different ceria concentrations ...................................... 109 



xiv 
 

Figure 5.7. Performance comparison polishing ruthenium films with 1.0 wt.% silica or ceria 

slurries having decreasing abrasive content. ............................................................................... 111 

Figure 5.8. Performance comparison polishing ruthenium films using the reduced-concentration 

(0.1 wt.%) ceria benchmark slurry or increasing concentration of silica abrasives ................... 112 

Figure 5.9. Tungsten MRR using 1.0 wt.% ceria slurry at three different pH values: a) 4, b) 2 and 

c) 1.8 ........................................................................................................................................... 114 

Figure 5.10. Effect of abrasive concentrations on tungsten MRR at pH 1.8 .............................. 116 

Figure 5.11. Roughness of a tungsten foil after being polished by a) ceria or b) silica abrasives.

..................................................................................................................................................... 117 

Figure 5.12. Complexation of copper oxide with glycine. ......................................................... 118 

Figure 5.13. Passivation of a copper oxide surface with the inhibitor BTA. .............................. 119 

Figure 5.14. XPS analysis of slurry containing 1.0 wt.% CeO2 and 0.5 wt.% H2O2 both a) 

without and b) with the addition of 0.01 M BTA and glycine. ................................................... 120 

Figure 5.15. Performance comparison of ceria and silica abrasives on the polishing of copper 

using the H2O2/glycine/BTA system .......................................................................................... 121 

Figure 5.16. Performance metrics comparison for polishing of copper using only H2O2, without 

glycine and BTA ......................................................................................................................... 122 

 

 

  



1 
 

I. General Introduction 

A. Chemistry of Cerium 

Cerium is the most abundant lanthanide in the Earth’s crust at 66 ppm [1]. Though it has almost 

equal abundance to copper [2], the average extraction per year for the former is ~240,000 MT 

whereas the latter is >10 million MT [3], [4]. One of the leading causes for low cerium extraction 

is the presence of radioactive materials, mainly radium and thorium, in the ore. Despite this low 

extracted quantity, cerium is a very useful element for many applications due to its unique 

electronic structure. 

 

A key feature of lanthanides is the increase in binding energy of the 4f orbitals above that of the 

5d and 6s orbitals. This effect is minimal in cerium, with all three orbitals having similar energy  

[5]. The significance of this unique configuration can be most easily demonstrated by comparing 

the electronic structure of cerium, [Xe]4f15d16s2, to that of the next lanthanide praseodymium, 

[Xe]4f36s2. The Pr3+ state, [Xe]4f2 is the only stable ionic form of Pr due to the strong binding of 

the remaining 4f electrons. Cerium also contains a 3+ ionic state, Ce3+, in the form [Xe]4f1, but 

the lower binding energy of the 4f state in cerium gives rise to a more stable ionic state, Ce4+ 

with the electron configuration [Xe]4f0.  

 

While most cerium compounds can be composed of only one of these two electronic states, 

cerium oxide, commonly called ceria, may contain either. Bulk ceria at room temperature is 

found in the Ce4+ state as the dioxide CeO2 with a fluorite crystal structure (fig. 1.1a).  The less 

common Ce3+ state forms the sesquioxide Ce2O3/CeO1.5. The sesquioxide is pyrophoric at room 

temperature; as such, it does not occur naturally in a bulk form. The crystal structure of this 
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oxide can be hexagonal, monoclinic or bixbyite; with the latter being the most likely of the three 

(fig. 1.1b, c and d)[6].  

 

                                             

                     

Figure 1.1. Crystal structure for a) fluorite CeO2, b) hexagonal Ce2O3, c) monoclinic Ce2O3 and 

d) bixbyite Ce2O3. Ceria can switch between the fluorite and bixbyite structures by creating or 

filling oxygen vacancies. Oxygen and cerium are represented by red spheres and yellow spheres 

respectively. All structures visualized using the software VESTA[7].  

 

The existence of a monoclinic structure of Ce2O3 is purely based on theoretical calculations and 

has never been observed experimentally. Both the hexagonal and bixbyite structures can be 

formed upon heating, while only the bixbyite structure can be produced at room temperature. 



3 
 

This room temperature formation arises from the relation between the bixbyite and fluorite 

crystal structures. A bixbyite unit cell is composed of a cube of eight fluorite unit cells where 

each cell has lost ¼ of their anionic interstitial atoms, in this case oxygen. The bonds 

subsequently rearrange to accommodate these vacancies resulting in an expansion of the original 

fluorite lattice by 4-9%. 

 

Consequently, the bixbyite Ce2O3/CeO1.5 is equivalent to CeO2 with oxygen vacancies (which 

occur naturally due to entropic considerations). Assuming oxygen vacancies at the surface of 

ceria will create a mixed oxide of CeO2-x with 0<x<0.5, the measured change in lattice volume as 

the dioxide (x=0) is converted to a sesquioxide (x=0.5) is  ~7% [8]. This expansion matches the 

4-9% volume expansion corresponding to a structural change from fluorite to bixbyite as 

opposed to a change from fluorite to hexagonal, which results in no expansion of the lattice [6]. 

Thermodynamically, the pure dioxide cannot exist in nature because these surface defects create 

areas of mixed oxidation state. Chemical reactions between ceria and other materials occur at 

these oxygen vacancy sites. While the total number of vacancy sites is difficult to calculate, the 

ratio of Ce3+ to Ce4+ (Ce3+%) is easier to determine experimentally and can be used to compare 

the reactivity of different ceria samples. A ceria sample with a higher Ce3+% will have more 

oxygen vacancies and be more reactive.  

 

The oxidation state of cerium and the associated vacancy concentration in a ceria sample 

depends on crystallinity and particle size, and can be can be increased or decreased through 

redox chemistry [9]. Ceria crystallinity is determined by the synthesis conditions, with higher 

synthesis temperatures resulting in more crystalline material [10]. This highly crystalline ceria 
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will have fewer defects and oxygen vacancies on its surface and therefore a lower Ce3+%. The 

effect of particle size is closely related to the stress on the particle surface. This surface stress is 

greater for smaller particles, and can be relieved through the formation of oxygen vacancies. As 

a result, the Ce3+% on the surface of a small particle is greater than that of a large particle [11]. 

This property only becomes noticeable when the particles are <100 nm in diameter. 

 

Since both chemical and physical characteristics of ceria are linked to the particle size, it is 

convenient to discuss these properties by sorting the ceria into three distinct size groups. The 

largest particles, calcined ceria, are created by subjecting cerium compounds to high 

temperatures in oxygen [10]. During a typical ceria calcination, a micrometer sized cerium 

precursor such as cerium carbonate is baked at temperatures up to 1000°C. At this stage, the 

ceria particles can range in size from multiple microns down to hundreds of nanometers. 

Following synthesis, the particles are crushed, dispersed in a solution and filtered to obtain 

multiple narrow size distribution batches within the range given above. The particles range from 

1000 down to 250 nm in diameter with a highly faceted surface.  

 

The next two classifications of particles are synthesized through various wet chemical methods. 

Colloidal ceria particles range in size from 250 to 10 nm, while particles below 10 nm are 

referred to as nanoceria regardless of the preparation method [12]. The size and properties of 

synthesized particles in wet chemical methods can be affected by many factors such as 

temperature [13], pH [14], concentration [15] and additives [16]. 
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After synthesis, ceria can interact with reducing or oxidizing agents to change between its Ce4+ 

and Ce3+ states following equation 1.1 [17]. 

 

𝐶𝑒 + 𝑒
 

↔ 𝐶𝑒   𝐸° = +1.61                                     Equation 1.1 

As this conversion occurs, the change in oxidation state causes an expansion in the lattice at the 

ceria surface. To accommodate this expansion more oxygen vacancies form, creating more active 

sites for chemical reactions.  

 

B. Applications of Ceria 

The first recorded use of ceria was in 1891 by Carl Auer von Welsbach [18], when its redox 

properties were harnessed to catalyze the combustion of thorium oxide in gas mantles. In the 

years following 1891, the consumption of thorium rose significantly. Due to the greater 

abundance of cerium than thorium in lanthanide ore, there was a large unused supply of cerium 

that many inventors attempted to create new applications for [5]. One such application was the 

creation of better lighter flints by mixing cerium with iron to form the material ferrocerium [19]. 

An improved version of this material, mischmetal, was created by adding magnesium and other 

lanthanides and is still used today as a lighter flint [20].  

 

In the 1930’s the Royal Astronomical Society of Vancouver reported the use of a paste 

containing ground ceria as the abrasive for polishing glass telescope lenses [21]. This “optician’s 

rouge” replaced the more common iron and zinc oxides, “jeweler’s rouge”, used at the time due 

to the production of a smoother finish and faster polishing rate. Ceria has also found an 

application in the automobile industry. The Clean Air Act of 1970 led to the invention of 



6 
 

catalytic converters to reduce carbon and nitrogen oxide generation [22]. A typical catalytic 

converter contains platinum group metals deposited onto a honeycomb aluminum scaffold to 

increase the surface area of the catalytic metal. In the 1980’s ceria particles were imbedded onto 

surface of the platinum group metals to both improve the breakdown of oxides and store or 

release oxygen to increase the efficiency of catalysis [23]. More recently, ceria’s 

interconvertibility (equation 1.1) has been researched for use in fuel cells [24], water splitting 

[25] and biomedical applications as an antioxidant [26], [27]. The most common use of ceria 

today is in the polishing of silicon oxides during the shallow trench isolation (STI) step of 

semiconductor manufacturing [28]. This polishing is referred to as chemical mechanical 

planarization/polishing (CMP) and is a natural extension of ceria’s use as “optician’s rouge” 

discussed previously. 

 

C. Design of the Semiconductor CMP Process 

CMP, detailed in figure 1.2, is a technique whereby irregular surfaces of a wafer due to 

depositions are polished to a flat surface to ease the deposition of subsequent material. 
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Figure 1.2. Schematic of a CMP polishing setup, with major components labeled. See text for 

detailed description of operation. 

 

In this technique a wafer (blue) is held by a polishing head and pressed against a urethane pad 

(grey speckled fill). Both the head and the platen on which the pad is mounted are rotating while 

the head oscillates along the radius of the platen. During polishing a solution containing various 

chemicals and small particles called a slurry is fed onto the pad. The particles act as abrasives to 

mechanically remove material. The chemicals change the structure or composition of the wafer 

surface  to either chemically remove material directly or make mechanical material removal 

easier [29]. These are respectively, the chemical and mechanical removal aspects of CMP. The 

polishing pad has holes of different sizes and shapes to maintain uniform pressure and improve 

slurry retention time (fig. 1.3) [30]. These structures are maintained throughout the polishing 

process by pressing a conditioner (brown speckled fill) made of sinter diamonds onto the pad 

surface. 
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Figure 1.3. a) Top-down and b) Cross-sectional Optical Images of a Chem-Pol™ polishing pad. 

Images provided by the manufacturer [31]. The surface of this polishing pad has large, deep, 

ellipsoidal holes at the surface under which is a series of smaller spherical micropores. 

 

The topic of this thesis is the design of CMP slurries to improve polishing, but there are many 

other factors that must be taken into account when designing a CMP process (fig. 1.4).  
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Figure 1.4. Schematic representation of the complex nature of CMP. Due to the interconnected 

nature of CMP properties, accurate model of the process is nearly impossible. Blue boxes 

indicate properties that can be controlled by the user while green boxes are those that are not 

controlled directly. Arrows show how the properties are related with the direction of the arrow 

mirroring the direction of effect. 

 

More than half of these factors can be controlled by the user. Within the user’s control are the 

instrument settings, the choice of polishing pad, the use of a conditioner, and the slurry design.  

The instrument settings include oscillation speed, rotation speed, downforce and contact area. As 

the oscillation and rotational speeds increase, polishing speed increases, and slurry retention time 

decreases. Downforce and contact area are inversely related. They affect removal rate and 

roughness through their relationship with pressure (equation 1.2).  
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𝑝 =                                                             Equation 1.2 

                                                               

 

Both the feed rate of the slurry and the platen temperature can be controlled, but the properties 

they affect are very interrelated and it is therefore much harder to determine their impact.  

 

Moving to the effect of polishing pads on CMP, there are four different types of polishing pads 

to choose from. Type I pads are made of polyester felts impregnated with polyurethane [32]. 

This pad material is ineffective at polishing and is instead used as the backing material or subpad 

for other pad types (figure 1.5a). Type II pads are made of a material known as poromeric [32]. 

This material is similar to the type I pad but the impregnation is performed on polyester fabric 

instead of felt. Poromeric is more commonly used as artificial leather for shoes [33]. The first 

polishing pads used in the semiconductor industry were made of real leather [34]. Type II pads 

are the pads of choice for final polishing due to their soft nature and large open pore structure 

(figure 1.5). These pads have a low polishing rate but result in a much lower defect count than 

the harder pad types.  
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Figure 1.5. SEM cross section a) of a type II pad (above line) with a type I subpad (below line) 

and b) a top down SEM image of the type II pore structure [32]. Type II pads are characterized 

by large, deep, vertical pores on a bed of uniform micropores. End of life of these pads occurs 

when the micropores are fully exposed.  

 

Once the large pores have been worn away, the polishing properties of the pad changes as the 

underlying micropores are exposed. This change in polishing is undesirable and reversing it is a 

major factor in the short lifetime of type II pads [35]. 

 

The final two pad types, III and IV, are both hard pads made of polymer sheets [36]. A type III 

pad has a filler of either small abrasives or voids to make it porous while a type IV pad is solid 

(figure 1.6).  
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Figure 1.6. SEM cross sections of a) a type III pad [30] and b) a type IV pad [36]. End of life for 

these pads occurs when the polymer sheet has been fully removed. 

 

These pads have long lifetimes and can withstand high pressure. This allows them to achieve 

high material removal at the expense of creating many defects during polishing. The type III pad 

is the most commonly used pad for CMP with the Dow® IC1000™ type III pad being the most 

commonly used polishing pad for all levels of CMP since its invention in 1998 [37]. 

 

The third controllable property is the extent of conditioning. A conditioner is a disk whose 

surface is coated in small diamonds that are attached through sintering [35]. By pressing this disk 

onto a rotating pad, it mechanically abrades the pad surface and recovers the surface qualities 

needed for proper CMP. The conditioning process encompasses conditioning time, pressure and 

conditioner design. The pressure necessary to condition a pad is determined by pad type with 

softer pads requiring less pressure than harder ones. Conditioning time can be broken down into 

two stages. When a pad is first placed onto the platen, the pores are encased in a film that must 

be removed through an initial break-in conditioning step (fig. 1.7). This film creates unintended 
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asperities on the pad that can cause excess defects on the wafer surface during polishing along 

with non-uniform material removal as they are worn away. 

 

 

Figure 1.7. Polishing pads before and after break-in. By removing the film covering the pores, 

the polishing properties become more uniform during the beginning of pad life. 

 

After this initial break-in, conditioning downforce and rotation are set to minimize occlusion of 

foreign material in, and glazing of the polishing pad [38]. These foreign materials include both 

wafer debris and slurry abrasive. As these materials build up in the pores, the removal in that 

area becomes nonuniform and defect prone. This leads to an artificial decrease in the lifetime of 

the pad. By etching the pad with a conditioner this material can be dislodged, leading to a 

recovery of the initial polishing characteristics. Glazing is a term that refers to a loss of structure 

and change in the surface properties of the pad. Glazing occurs when the flat wafer “polishes” 

the pad (fig. 1.8). 
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Figure 1.8. Pad glazing followed by surface recovery due to conditioning. Conditioning to 

maintain an effective polishing surface is the leading cause of pad wear during operation. 

 

While glazing and material occlusion can decrease the useful lifetime of a pad, they have little 

effect on its physical wear. The removal of pad material by a conditioner to recover the initial 

surface seen in figure 1.8 is the source of this physical wear. To minimize wear, the degree of 

glazing during polishing needs to be constantly measured to ensure a good surface can be 

maintained without over conditioning and reducing pad lifetime.  

 

The final parameter for conditioning is the design of the conditioner (fig. 1.9). Early conditioning 

disks used diamonds of varying sizes imbedded in electroplated nickel, leading to non-

uniformity in the conditioning process. This non-uniformity gave the technician the undesirable 

choice between not fully removing the glazed layer or over-conditioning some spots leading to 

decreased pad lifetime.  
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Figure 1.9. Diamonds of different a) size, b) depth, c) orientation and d) shape on a conditioner 

along with an e) SEM image of a conditioner pad [39]. The characteristics of each diamond and 

its placement results in non-uniform conditioning of the pad surface with most conditioning 

occurring at a small number of highly exposed diamonds. 

 

While improvements in size selection have eliminated this problem, scaling to smaller sizes 

means that sources of non-uniformity that were previously unimportant must be addressed. 

When the diamonds are all of the same size, differences in shape and the depth they sink into the 

Ni brazing matrix during the brazing process become important factors to control. With a small 

number of protruding diamonds, the cut rate is initially high but non-uniform. As these diamonds 

wear other diamonds can come in contact with the pad. This increases the uniformity of 

conditioning but decrease the cut rate due to the load being shared across a greater surface area.  

 

Instead of being randomly arranged across the surface of the conditioner, diamonds may be 

embedded in patterns containing recessed channels between the areas with diamonds to improve 

flow of the slurry on the polishing pad (fig. 1.10a) or by placing the diamonds at the same 

distance from the center of the conditioner to ensure more uniform conditioning (fig. 1.10b). The 
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latter arrangement ensures that each diamond has the same angular momentum and consequently 

the same relative velocity in respect to the polishing pad.  

 

                                  

Figure 1.10. Optical images of diamonds placed on a conditioner pad in a) spiral [40] and b) ring 

patterns [41]. Controlling the placement of diamonds on the conditioner can improve slurry flow 

and make conditioning more uniform.  

 

To further improve conditioning, many companies are shifting to patterned ceramic structures 

with a layer of CVD diamond over the top. This new design is known as a microreplicated 

diamond conditioner [42]. These conditioners ensure that the cutting edge is evenly shared across 

all “diamonds” and can be engineered with specific cutting surface arrangements to improve 

function (fig. 1.11). 
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Figure 1.11. a) Optical image of a microreplicated diamond conditioner. b) SEM image of the 

cutting surface with a repeating pyramidal motif of ceramic that diamond is CVD coated onto. 

Images are of the 3M™ Trizact™ B5-M990-5S2 Pad Conditioner [43]. 

 

The final property of CMP that can be controlled is the design of the slurry, which is tailored to 

the material being polished. For example, the CMP of many metals simply requires the use of an 

oxidizing agent to chemically convert the surface to a weaker oxide to ease mechanical removal 

by abrasives [44]. Copper, however, requires additional chemicals to complex the copper oxide 

and achieve high removal while the mechanical aspect is focused on ensuring low surface 

roughness [45].  

 

After the chemistry is determined, the abrasive characteristics must be chosen. The three main 

abrasives for CMP are ceria, silica and alumina [46]. Silica is the most popular abrasive due to 

its low cost. The second most popular abrasive is ceria. Even with its higher cost, ceria greatly 

outperforms silica for polishing silicon oxide and so it is the primary abrasive used in critical 

polishing steps. Finally, alumina is used when a hard particle is necessary to achieve high 
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material removal. Though CMP is well established component of semiconductor manufacturing, 

its adoption by the semiconductor community did not come easily.  

 

D. History of Semiconductor CMP 

The following history of semiconductor CMP is condensed from multiple sources [28], [47]–

[51]. In 1997 Gordon Moore was interviewed about the improvements in semiconductor 

processing. During this interview he stated that the most important technique for adding more 

layers to a semiconductor was CMP [52]. The usefulness of CMP was not realized by the 

semiconductor community initially, and such a “dirty” procedure was not considered for surface 

roughness improvements during fabrication. This relegated CMP in the semiconductor field to 

the preparation of bare silicon wafers until 1983. Klaus Beyer, at this time working for IBM, 

discovered that STI silicon oxide could be polished by CMP to create a uniform surface around 

the active regions [53]. In STI the transistors are contained in isolated active regions and 

separated by regions of silicon oxide. Unfortunately, the silicon oxide could not be created with a 

low enough stress to be viable in manufacturing and STI was not introduced in a product at that 

time.  

 

This shifted focus for CMP of silica from the transistors in the front end of the line (FEOL) to 

the dielectric in the back end of the line (BEOL). The BEOL contains metal lines, at that time 

made of aluminum, that connect transistors on the chip to the rest of the device, and ultimately to 

the outside world. To ensure there is no interaction between metal lines they are separated by a 

dielectric known as the inter layer(metal) dielectric (ILD). As multi-level interconnect schemes 

became common, it became necessary to ensure planar surfaces for the subsequent lithographic 
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steps to maintain in-focus patterning. Previous planarization schemes such as etch-back were no 

longer sufficient for this goal, and CMP was reconsidered for the dielectric.  

 

A few years later, tungsten vias were introduced in between the transistors and the first metal 

level. Though ILD CMP worked well to planarize the dielectric between pre-existing aluminum 

lines, the order of these steps is reversed for a via. That is, the dielectric is deposited first and 

planarized before via holes are etched into it, and the tungsten deposited last by CVD. Therefore, 

any scratches in the ILD post-CMP became filled with the CVD tungsten, causing electrical 

shorts. To remedy this, tungsten CMP was developed between 1987-1988. This research lead to 

the production of both ILD and W CMP by 1990. The first high volume commercial device 

created while employing CMP came in 1993 with the original Pentium® microprocessor.  

 

By this point, advances in the field of electron cyclotron resonance plasma sources had allowed 

for the creation of low stress SiO2 films [54]. With these films, the earlier proposed STI structure 

could be realized. To polish these films, the STI CMP that was developed by Klaus Beyer a 

decade prior was used. However, the fumed silica particles used in ILD CMP and W CMP left 

scratches that were large enough to ruin the isolating properties of the STI layer. To remedy this, 

slurries using colloidal silica were developed. STI CMP was introduced and adopted by 

semiconductor manufacturers worldwide by 1997 (fig 1.12). 
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Figure 1.12. 1997 SEM images of DRAM a) without and b) with CMP [55]. The introduction of 

CMP stopped the proliferation of surface roughness and allowed for the creation of devices with 

more layers and smaller size. 

 

Two years later, IBM announced their dual damascene copper interconnect as a replacement to 

the Al line/ W via interconnect to address the challenges of moving to smaller line sizes. This 

replacement would be completed by 2001. The new architecture introduced an additional Cu 

CMP process to flatten the damascene lines while keeping the tungsten plug between the FEOL 

and the BEOL.  

 

As devices continued to scale, new materials were introduced which had their own unique CMP 

challenges. By 2005 and the introduction of the 65 nm node, the scratches left by colloidal silica 

on SiO2 films were now too large and improvements to the abrasive had to be made. Within a 

year, STI CMP had converted to using calcined ceria abrasives in the place of colloidal silica due 

to the lower number of scratches and higher removal rate that was reported during glass lens 

polishing almost 80 years prior. Further scaling has resulted in changes to the ceria particles from 

calcined to colloidal to nano ceria in the same way manufacturers had changed from fumed to 
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colloidal silica. Each successive generation of smaller particles has resulted in longer polishing 

times but smoother surfaces. 

 

E. Ceria CMP Removal Mechanism 

The difference between the removal rates and scratch density/ depth of silica and ceria can be 

attributed to the unique properties of ceria’s mixed oxidation state discussed previously, which 

enable a different mechanism for material removal than in silica CMP [56]. To explain this 

difference, it is first necessary to discuss the mechanism by which ‘traditional’ silica particles 

remove material during CMP. In the following explanations and diagrams, the silicon oxide 

surface is depicted as a lattice for ease of viewing, but can be understood to be the glassy 

network typical of silica surfaces. 

 

During silicon oxide polishing with silica particles, the primary method of material removal is 

mechanical. As the particle approaches the wafer surface, the local pressure and temperature 

increase, allowing molecules of water to be forced into the lattice (fig. 1.13a). Under these 

elevated conditions the water will hydrolyze the bonds between silicon and oxygen 

(equation 1.3, fig. 1.13b). 

 

𝐻 𝑂 + 𝑆𝑖 − 𝑂 − 𝑆𝑖
 

↔ 𝑆𝑖 − 𝑂𝐻 + 𝑆𝑖 − 𝑂𝐻                            Equation 1.3 

 

 

As the particle leaves, the pressure and temperature will return to normal conditions and the 

hydrolyzed bond condenses (fig. 1.13c) but the water remains inside the lattice (equation 1.3 
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reverse, fig. 1.13d). As this process repeats, the number of water molecules incorporated and 

consequently Si-O bonds broken continues to increase (fig. 1.13e) until a silicate is formed. This 

silicate has no remaining surface bonds and if it is large enough, will be carried away from the 

surface by the turbulent flow of the slurry across the pad before the bonds can reform (fig. 1.13f). 

This process continues to repeat itself until the polishing is complete. 
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Figure 1.13. Schematic representation of the mechanical polishing process in CMP. The steps for 

this process are a) water incorporation, b) hydrolysis and c) condensation leaving water inside 

the lattice d).  After e) repeated impacts, silicates can f) be removed from the oxide surface 

between steps b and c. 
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The removal process with ceria involves a few more steps than with silica and has a much higher 

removal rate. This increased removal rate is due to the addition of a chemical removal 

mechanism at the particle surface along with the mechanical removal mechanism present with 

silica slurries. The chemical removal of oxides with ceria was first described in 1990 by Cook 

[57]. Since then his mechanism known as the “tooth-comb model” has been further expanded but 

remains the most agreed upon explanation for ceria chemical removal. In this model, the Ce3+ 

sites at the particle surface will contain surface oxygen vacancies. When dispersed in water these 

vacancies can be filled by an H2O molecule resulting in a surface hydroxyl group (fig. 1.14). 

 

 

Figure 1.14 Filling of ceria oxygen vacancies in water. This Ce-OH site becomes an active site 

for chemical reactions between ceria and other materials. Structures visualized using VESTA [7]. 

 

As a ceria particle approaches the oxide surface, the water incorporation and hydrolysis 

described in the mechanical process will occur along with an additional chemical reaction. The 

increased temperature and pressure will induce the condensation of ceria’s hydroxyl groups with 

oxygen on the silicon oxide wafer. This forms a bond between the particle and the oxide surface 

(equation 1.4 and 1.5, fig. 1.15a).  

 



25 
 

 

𝑆𝑖 − 𝑂 + 𝐶𝑒 − 𝑂𝐻
 

→ 𝑆𝑖 − 𝑂 − 𝐶𝑒 + 𝑂𝐻                            Equation 1.4 

𝑆𝑖 − 𝑂𝐻 + 𝐶𝑒 − 𝑂𝐻
 

→ 𝑆𝑖 − 𝑂 − 𝐶𝑒 + 𝐻 𝑂                          Equation 1.5 

 

The pathway that this condensation follows is based on the pH of the slurry. If the slurry is basic 

(pH=8), the ceria will be neutral and the wafer will be negatively charged resulting in the 

condensation reaction of equation 1.4. Conversely, if the slurry is highly acidic (pH=2), the ceria 

will be positively charged and the wafer will be neutral resulting in the condensation reaction of 

equation 1.5. 

 

As the particle leaves, this bond is stressed and breaks (fig. 1.15b and c). With subsequent 

impacts the bonds between a silicate and the surface will be broken, allowing the ceria to remove 

this silicate through the condensed bond. With equivalent bond strengths between oxygen and 

silicon or oxygen and cerium, 8.18 eV/bond for Si-O and 8.24 eV/bond for Ce-O, this removal 

also has a chance to occur when there is one remaining bond between the silicate and the surface 

(fig. 1.15d) [58]. Since this chemical removal is not size dependent, it happens more frequently 

than the mechanical removal and material is removed more rapidly than in the purely mechanical 

case.  
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Figure 1.15. Schematic representation of the chemical polishing process of ceria in CMP. The 

steps for this process are a) condensation of surface oxygen containing groups, b) bond stress as 

the particle leaves with stressed bonds denoted in red and c) bond cleavage followed by silicate 

removal. When bonds on both sides of the silicate are broken it can either be removed or 

condense onto the oxide surface d).  

 

Proof for this polishing mechanism also comes from the strong attachment of ceria particles to 

the wafer surface post-polish [59]. These particles are very hard to remove from the wafer 

surface and a post-polish clean needs to be performed with chemicals that can undercut the 

Ce-O-Si bond while also preventing rebonding to the wafer surface [60]. Further confirmation is 

given by investigating the amount of free Ce3+ ions in the slurry post-polish [61]. During 

polishing it is possible based on the geometry of the particle and the number of remaining 
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surface bonds on the wafer that a Ce3+ site will be removed from the particle surface. This would 

result in more Ce3+ ions in solution and has been widely reported. 

 

These experiments in support of the tooth-comb model are only indirect measures, however. The 

first type used X-ray photoelectron spectroscopy (XPS), a surface sensitive technique, to 

investigate the wafer post-polish instead of using it to probe the surface of the particles 

themselves [59], [62], [63]. The second relies on UV-Vis spectroscopy, which measures free 

Ce3+ ions in solution and not the Ce3+ sites on the surface of the particle [61], [62], [64]. Lacking 

direct experimental documentation of the particle surface, the conclusions about the tooth-comb 

model are mere inferences. 

 

While the effect of physical parameters on Ce3+% is well documented, the effect of the slurry 

chemical environment on the particle is less so. Here again, the literature on the effect of 

chemical environment bases their conclusions on UV-Vis or XPS of the wafer surface post-

polishing and assumes this corresponds to changes occurring at the particle surface [65]. A 

further complication is that many sources base their conclusions on their polishing results and 

work backwards to infer the removal mechanism, rather than studying what is happening to the 

particle and working forward. 

 

My approach to remedy these gaps in the field starts with directly probing the ceria particles 

themselves through XPS. This work directly measures the effects of chemical environment on 

Ce3+%. By combining my results with previous literature on the effect of physical parameters 

and particle-oxide interactions, a more complete understanding of chemical removal by ceria is 
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reached. I then apply this new understanding to design slurries with improved removal 

characteristics which could enable the extension of ceria slurries beyond their traditional use in 

polishing silicon oxide to planarize other materials in semiconductor process flow, including 

metals. 

 

Having laid out a history of ceria CMP and the basic principles involved, the remainder of the 

thesis is organized to support the preceding assertions. The following chapter describes the 

methods used to address these questions regarding chemical environment and also determines the 

efficacy of my polishing experiments. Chapter 3 introduces my experiments on the effect of 

slurry chemical environment on Ce3+%. Chapter 4 details the polishing of thermal silicon oxide 

with ceria and acts as a confirmation of my new understanding of chemical environment outlined 

in chapter 3. Based on the changes made to ceria slurries in chapter 3, I am able to use ceria to 

polish metals. The final chapter 5 presents novel polishing targets for ceria slurry in the form of 

ruthenium, tungsten and copper. 
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II. Characterization Methods 

A. Scanning Electron Microscopy 

Direct visualization of the particles used for polishing was accomplished using a Zeiss LEO-

1550 Schottky-type field emission scanning electron microscope (FE-SEM). Images obtained 

varied in magnification from 150000x to 450000x at 2-3 keV and 4 mm working distance. The 

image is created by impacting the surface of a sample with an electron beam that scans across its 

surface [66]. As a result of this impact, low energy (<100 eV) “secondary electrons” are emitted. 

At this short working distance, the sample is inside the magnetic field of the final lens and the 

electrons are draw back into the lens. Inside the lens there is a detector, called an immersion or 

in-lens detector, with an applied bias that the secondary electrons are accelerated towards. These 

electrons will impact the detector scintillator creating photons that are guided into a 

photomultiplier to create a detectable signal.  

 

As the beam is scanned across the sample, the detected intensity at each point is assigned a gray 

scale value. The scan of the electron beam is synchronized with the computer display, and an 

image is built up by plotting the grayscale intensity at each pixel. To avoid charge buildup on the 

surface of the particles two methods were used. The first method was to image using an electron 

beam with a low accelerating voltage. While this reduces charging, it also reduces the resolution 

of the image. To minimize this loss of resolution, the SEM used was outfitted with a beam 

booster inside of the microscope column. A beam booster will send an electron beam of higher 

energy through the column (promoting tighter beam diameter and less scattering) and lower the 

energy of the beam to the desired level before it leaves. This reduces the distance travelled at low 

beam energies and therefore reduces the scattering induced by collisions with residual gas 
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molecules within the vacuum chamber. While using low beam energies is helpful to reduce 

charging, the long capture times needed to minimize noise in the image still causes a buildup of 

electrons on the sample surface. To address this, the complementary technique of frame 

averaging was used. This technique images over a short capture time and reduces noise by 

averaging many captures together into a composite image. For this purpose, twenty images were 

captured at a rate of 1 per second over a time span of 20 seconds.  

 

Images of these particles were analyzed using the image processing program ImageJ [67]. Before 

analysis the edges of the particles were sharpened by setting the gamma to 2 and adjusting the 

brightness and contrast manually (fig. 2.1).  

 

 

Figure 2.1. SEM images before a) and after b) image correction to sharpen particle edges for 

further processing and analysis. 

 

After correction, all of the dark areas of the image were excluded through automated 

thresholding to avoid user bias and increase reproducibility. The program was then used to detect 
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the outline of every particle in the image and a particle size distribution was extracted. Assuming 

a single distribution, data points were rejected if their size was <10% or >190% of the average 

particle size given by the manufacturer. If the sample was multi-modal then lower and upper 

cutoffs were applied to the smallest and largest particles sizes respectively. Using the resulting 

distributions, the average particle size of each slurry was determined.  

 

B. X-Ray Photoelectron Spectroscopy 

The ratio of Ce3+/Ce4+ on the abrasive surface was determined through the use of a Thermo 

Scientific™ ThetaProbe angle resolved x-ray photoelectron spectrometer (ARXPS). Cerium 3d 

spectra were acquired using a 0.05 eV step size, 50 eV pass energy, 50 ms dwell time and 

averaged over 40 scans. XPS exploits the photoelectric effect, using an X-ray of a known energy 

(ℎ𝜈) as the probing radiation [68]. This travels through the sample until it impacts an atom 

(fig. 2.2).  
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Figure 2.2. Diagram of an XPS photoelectron emission. An incident X-ray transfers energy to a 

bound electron from the K shell, which is ejected, leaving a hole (open circle) behind. 

 

As a result of this absorption, energy is transferred from the X-ray to an electron bound to the 

molecule with a certain energy (𝐸 ) determined by its orbital position. If there is enough energy 

transferred to overcome the binding energy of the electron, the particle will be ejected and the 

kinetic energy (𝐸 ) of the particle will be measured. This 𝐸  is a combination of the true kinetic 

energy (𝐸 ) and the work function of the sample (𝜙 ) shown in equation 2.1. Since this work 

function is unknown and varies between samples, it is more practical to ignore its effect and base 

all calculations off of the measured kinetic energy.  Using this 𝐸  and the ℎ𝜈, 𝐸  can be 

determined from equation 2.2: 

 

𝐸 = 𝐸 − 𝜙                                                 Equation 2.1 

𝐸 = ℎ𝜈 − 𝐸 − 𝜙                                           Equation 2.2 
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Where 𝜙  is the work function of the detector. As the sample is irradiated, electrons are ejected 

concurrently across the entire allowable energy range of 0<𝐸 < (ℎ𝜈 − 𝜙 ), but measurements 

must be made over a much smaller range of energies, a step, due to the operation of the detector. 

When making measurements, the measured 𝐸  and the 𝐸  of the electron as it hits the detector 

will be different values. These measurements are a two-step process where the electrons are first 

focused through a series of electrostatic or magnetic lenses while their kinetic energy is retarded 

[69] and then the lower energy electrons impact the detector. When measuring a step in the 

spectrum, the retardation (𝑅) brings electrons of that 𝐸  to a chosen energy known as the pass 

energy (𝐸 ). For example, when measuring the electron count at 𝐸 =500 eV with an 𝐸 =50 eV, 

electrons entering the detector will be retarded by the same magnitude of 𝑅=450 eV. Following 

this, the electrons enter a hemispherical detector. This detector has an electrostatic field applied 

across the inner and outer hemispheres. Electrons with 𝐸  not equal to 𝐸  will not be able to 

travel the length of the detector without impacting the walls. After detection, the instrument 

software will compensate the detected kinetic energy with the known retarding energy to recover 

the 𝐸  of the electrons (equation 2.3). Adding this to equation 2.2, the equation used by the 

instrument to determine binding energy becomes equation 2.4. 

 

𝐸 = 𝑅 + 𝐸                                                   Equation 2.3                                                    

𝐸 = ℎ𝜈 − 𝐸 − 𝜙 − 𝑅                                          Equation 2.4 

 

The resolution and signal to noise ratios of this technique are determined by the 𝐸  chosen. To 

understand why, a deeper explanation of the detector operation is necessary. As electrons pass 

through the detector, the flight of those electrons with energy 𝐸  should be through the mean 
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distance between the two hemispheres 𝑅 . To achieve this, the voltages are positive on the inner 

hemisphere (𝑅 , 𝑉 ) and negative on the outer hemisphere (𝑅 , 𝑉 ), creating a voltage gradient in 

the area between the two hemispheres. The voltages required to keep electrons with energy 𝐸  

along this mean line, 𝑉 , are determined by the detector geometry (equation 2.5, figure 2.3). 

 

𝑒𝑉 = 𝐸 −                                                Equation 2.5                                            

 

 

Figure 2.3. Schematic of an XPS hemispherical detector. Electrons enter the detector slit of 

width 𝑑 and an angle 𝛼. A negative voltage of 𝑉  is applied to the inner plate 𝑅 , while a positive 

voltage 𝑉  is applied to the outer plate 𝑅 . This ensures electrons with 𝐸 =𝐸  travel along the 

mean line between the detectors 𝑅  and exit through a slit of the same width 𝑑 on the other side. 

Electrons with energies that are too high or low will hit the plates and not be detected. 

 

Using equation 2.5, the voltages applied to the inner (equation 2.6) and outer (equation 2.7) 

plates to achieve this 𝑉  are: 
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𝑉 = 𝐸 2 − 1                                            Equation 2.6 

𝑉 = 𝐸 2 − 1                                            Equation 2.7 

 

These equations indicate that at low 𝐸  the voltage gradient will be less and small differences in 

𝐸  will be deflected further. As the 𝐸  increases, so does the voltage gradient, resulting in less 

deflection of electrons and more electrons passing through the detector. In this way, increasing 

the 𝐸  decreases the resolution of the instrument while increasing the magnitude of the signal 

and consequently the signal to noise ratio. The complete equation for determining the resolution 

of XPS is given by equation 2.8. 

 

∆𝐸 = 𝐸 + 𝛼                                         Equation 2.8 

 

Where ∆𝐸 is the resolution of the instrument, 𝑑 is the slit width and 𝛼 is the half angle of 

electrons as they enter the detector. Both 𝑑 and 𝛼 are shown on figure 2.3. Due to the high 

background in the ceria XPS region, discussed further in chapter 3, the 𝐸  used is larger than 

what would typically be used when scanning a region in the spectrum. This further increases the 

difficulty of fitting an already complicated spectrum.  

 

Because orbital binding energies are unique, this technique can identify and quantify the 

elements present. Further, the energy resolution of the instrument is sufficient to detect the small 

differences in binding energy due to splitting of the electron orbitals. Since electrons can only 

travel a few nanometers through a solid before losing energy [70], [71], the information collected 
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through this technique is limited to the surface of a sample. The surface is the only region that 

participates in chemical reactions, so this is property is ideal for studying the effect of Ce3+% on 

chemical removal. A typical ceria spectrum will contain 10 peaks which are deconvolved using 

the CasaXPS (Ver. 2.3.19) analysis software through a process discussed in chapter 3 [72]. 

 

C. pH 

The pH measurements were carried out with a HANNA instruments HI2210-01 pH meter 

coupled with a HI1131B double junction glass electrode. This instrument measures an electrical 

signal that is the result of a change in H+ concentration to determine the pH of the solution. The 

pH of a slurry is an important metric that can affect both the mechanical and chemical removal 

of a wafer.  

 

D. Ellipsometry 

Thickness measurements for silicon oxide and nitride films were measured on a J.A. Woollam 

RC-2 variable angle spectroscopic ellipsometer (VASE) over a spectral range of 250 nm to 1000 

nm and three angles of incidence (55°, 65°, 75°).  In this technique, a light source emits radiation 

that passes through a polarizer before impacting a sample and being reflected into a detector 

(fig. 2.4) [73]. This light oscillates both perpendicular (s) and parallel (p) to the plane of 

incidence. After polarization, the oscillations have the same phase and amplitude resulting in 

linearly polarized light where the “spot” is a line. After reflection, however, the two components 

will no longer be in phase or have the same amplitude resulting in an ellipsoidal spot. This is the 

origin of the name ellipsometry. The true initial and reflected values of each component cannot 
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be determined, but the differences can be calculated through a complex equation involving the 

ratio between the measured parallel and perpendicular amplitudes ( ) (equation 2.9).  

 

= tan(𝛹) 𝑒 ∆                                                  Equation 2.9 

 

 

Figure 2.4. Schematic of the ellipsometry process. Linearly polarized light, left, will impact a 

particle surface causing a change in both its phase and amplitude resulting in light with an 

ellipsoidal spot. Ei and Er cannot be measured but Ψ can be determined experimentally. 

 

The difference in amplitude and phase are denoted Ψ and Δ respectively. By altering the 

wavelength of the probing light and the angle of incidence, multiple spectra can be obtained; 

each with unique Ψ and Δ values across the range of wavelengths scanned. By fitting these 

spectra, the thickness of the sample being measured can be calculated. 

 

E. Atomic Force Microscopy 

Short-range roughness (𝑅 ) measurements were obtained using a Dimension Icon scanning 

probe microscope/ atomic force microscope (AFM) in tapping mode. In this technique, a 
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sharpened tip is rastered back and forth across the sample surface (trace-retrace) through the 

application of voltages on a piezoelectric tube in the x and y directions [74]. The probe tip is on 

the free end of a cantilever and voltages applied on the tube in the z direction cause this 

cantilever to flex. This forces the tip to oscillate with a known amplitude and frequency. While 

sampling, a laser focused on the backside of the cantilever is deflected onto a series of mirrors 

into a position sensitive photo-detector. The position of the laser on the detector oscillates in 

phase with the oscillating cantilever. During operation the cantilever is lowered to a known 

height above the sample. At this height, the cantilever will touch the surface during its 

oscillation. These impacts or “taps” on the surface decrease the free range of motion of the 

cantilever (fig. 2.5).  
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Figure 2.5. SEM image of the cantilever a) and tip b) of a Bruker TESPA-V2 AFM Probe [75]. 

Schematic representation of an oscillating cantilever when it approaches a sample surface c). The 

reduction in oscillation amplitude and change in frequency can be used to determine the distance 

between the sample and the reference height. 

 

This results in a decrease in the amplitude of both the cantilever and, consequently, the laser on 

the detector. Using this change in amplitude and the known height of the cantilever above the 

surface at every point, a topographical map is constructed and roughness values extracted from 

this map. These values are often reported as root mean square roughness (RRMS). RRMS reveals 

the magnitude of deviation from the mean surface (equation 2.10). 

 



40 
 

𝑅 = ∑ 𝑗                                              Equation 2.10 

 

Where 𝑛 is the number of data points along the scan and 𝑗  is the distance from the mean surface 

at the 𝑖th point.  

 

By using tapping instead of contact mode, lateral forces can be reduced and any debris or 

particles left on the wafer post-polish will not be dragged by the tip while scanning, altering the 

resulting data. For RRMS measurements in this study, the image was obtained over an area of 10 

μm x 10 μm with a scan rate of 0.7 Hz using a TESPA-V2 probe-tip with nominal tip height and 

radius of 12.5 μm and 7 nm respectively. The lateral resolution of this technique is ~40 nm, 

while the vertical resolution is ≤0.1 nm. The decrease in lateral resolution is a result of the pixel 

size at such a large sample area. This pixelation has no effect on the vertical resolution of the 

instrument. 

 

F. Profilometry 

Long-range roughness (𝑅 ) measurements were obtained using a Veeco Dektak 150 

profilometer. During this technique a stylus is placed in contact with the sample and scanned 

across the surface. The change in height of the stylus as it scans is used to determine the 

roughness of the sample surface. 𝑅  or 𝑅 𝐷𝐼𝑁 is calculated by splitting the scan length into five 

sections and taking the average of the difference between the highest peak and lowest valley (𝑅 ) 

in each section 𝑠 (equation 2.11).  
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𝑅 = ∑ 𝑅 ,                                                Equation 2.11 

The stylus used in this work has a radius of 12 μm and was used with a downforce of 0.1 N at a 

scan rate of 200 μm/sec over 2000 μm and a measurement range of 6.5 μm in the z-direction. 

These settings result in a horizontal resolution of 0.667 μm and a vertical resolution of 1.0 nm. 

 

G. Mass Removal 

Mass measurements were carried out with an A&D BM-20 mass balance. This balance has a 

resolution of ±6 μg. With such high resolution, mass removal can be detected for polishing even 

over short time scales. A standard microbalance would require polishing for an hour or more 

before a difference could be measured accurately. Over this long time period, the pore structure 

of the polishing pad would be destroyed and the polishing properties would not be uniform 

across a single polish or between experiments. 
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III. Design of Ceria Slurry for CMP Applications 

A. Introduction 

The creation and improvement of commercial products is often a process of finding what works 

the best without the need to fully understand the mechanisms that underlie those improvements. 

Optimizing ceria slurries followed this path, but further improvements can be achieved by 

understanding the chemical properties of ceria and applying this knowledge to synergize with the 

improvements from the physical properties of ceria particles. The chemical reaction between 

ceria and other oxides as described by Cook requires Ce3+ sites at the surface of the particle [57], 

often reported as Ce3+% due to the presence of both Ce3+ and Ce4+ at the surface. If this 

percentage can be increased there will be more active sites, and presumably a proportionately 

greater removal rate.  

 

Most studies to date have focused on altering physical properties of the ceria to increase the 

Ce3+%. The most studied property for increasing the Ce3+% is altering the size of the 

nanoparticles [11], [76], [77]. This change in oxidation state with size is due to the increase in 

strain at the particle surface. To relieve this strain an oxygen atom forms an anti-Frenkel defect, 

leaving behind a charged vacancy at the surface of the particle [78], [79]. Using Kröger-Vink 

notation, the vacancy formation can be described by a reaction between cerium, oxygen and an 

oxygen vacancy (equation 3.1). In this notation an element symbol as a subscript denotes a 

lattice site for that element, V denotes a vacancy, while ′ and  .. denote electrons and holes 

respectively. Taken with this notation, 𝑉 ..  is a vacancy located at an oxygen lattice site that has 

two holes (+2 charge). 



43 
 

2𝐶𝑒 + 𝑂 = 2𝐶𝑒 + 𝑉 .. + 𝑂 (𝑔)                           Equation 3.1 

As the electrons left behind by the oxygen reduce the nearby cerium from Ce4+ to Ce3+ without 

any other change to the cerium sites, this can subsequently be simplified to an electron-vacancy 

pair reaction (equation 3.2).  

 

𝑂 = 2𝑒 + 𝑉 .. + 𝑂 (𝑔)                                    Equation 3.2 

Based on these reactions, each vacancy has two positive charges balanced by two delocalized 

electrons. These electrons will align to one side of the vacancy creating a dipole. This dipole 

attracts nearby vacancies, which migrate until they are close enough that their electrons begin to 

repel each other [80], [81]. The charge of these near-adjacent vacancies will be compensated by 

their surrounding cerium atoms (equation 3.3), with the cerium atoms bound to two vacancies 

being reduced. 

 

4𝑒 + 2𝑉 .. + 8𝐶𝑒 = 2𝑉 .. + 4𝐶𝑒 + 4𝐶𝑒                Equation 3.3 

This equation can, in turn, be simplified to the redox reaction for cerium given earlier as  

equation 1.1, reproduced here:  

 

𝐶𝑒 + 𝑒
 

↔ 𝐶𝑒                                       Equation 3.4 

In addition to the size-related strain mechanism,  the Ce3+% content of a particle can be increased 

by the addition of lanthanide dopants that are naturally stable in the trivalent state [82]. These 

dopants force oxygen vacancies into the particle around which the bound cerium is converted to 

the Ce3+ state.  
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The second physical property studied for altering the Ce3+% is synthesis conditions [12], [65] 

(table 3.1).  

 

Table 3.1. Physical properties of ceria particles with different synthesis methods 

Synthesis Method Wet chemical at 

25°C 

Wet chemical at 

elevated 

temperature 

Dry synthesis at 

300°C 

Crystallinity polycrystalline polycrystalline monocrystalline 

Defectivity high high low 

Shape rounded rounded faceted 

Initial Ce3+% High High low 

 

There are three distinct routes for the formation of ceria nanoparticles: wet chemical synthesis at 

room temperature, wet chemical synthesis at elevated temperature but beneath the boiling point 

of the solvent, and dry synthesis at temperatures exceeding 300°C. At higher synthesis 

temperatures, the initial Ce3+% of the ceria nanoparticles is lower [10]. This trend results from 

the crystallinity of the particles synthesized. A monocrystalline product like that created through 

dry synthesis, calcination or thermal decomposition, will have very few surface defects and 

hence low Ce3+%. Additionally, these particles also perform poorly as CMP abrasives from a 

mechanical perspective due to their highly faceted nature. The many sharp edges will scratch a 

wafer if used for polishing. Both of the other two routes, room temperature and solvothermal 

synthesis, will produce polycrystalline particles. These particles have many surface defects 

resulting in a higher Ce3+% and are more spherical [13], [83]. This leads to better CMP from 
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both a chemical and mechanical perspective. For very small particles (<10 nm), there is no 

difference in the crystallite size within the particles between different wet chemical methods. 

With larger particles (10 < x < 200 nm), the increased temperature of a solvothermal synthesis 

will cause recrystallization, leading to larger crystallites within a given particle and a decrease in 

the number of surface defects (Ce3+%) on the particle [12].  

 

These factors, specifically the size and synthesis temperature as well as any dopants added 

during synthesis, will determine the initial Ce3+% while the particles are isolated but does not 

fully reflect the chemical interactions that may occur during slurry creation and subsequent 

polishing. As the particles are dispersed in a slurry, interactions with the chemicals in this new 

environment can dramatically alter both the reaction rates and the Ce3+%.  

 

1. Determination of Chemical Effects with XPS 

Most studies to date analyze the slurry post-polishing spectroscopically using UV-Vis to 

determine the Ce3+%. These studies agree that the Ce3+% present in the slurry is dependent on 

pH [61], [62], [64], [84]. However, UV-Vis only measures the concentration of Ce3+ ions in the 

slurry liquid, not on the surface of the particles and therefore cannot offer direct insight into the 

reactions at the particle surface. A few studies have used the surface measurement technique 

XPS to evaluate CMP outcomes, but they focused on identifying foreign materials left behind on 

the polished surface rather than studying the slurry itself [59], [62], [63]. In this study, I rely on 

the surface sensitive nature of XPS, combined with its ability to discriminate between different 

chemical states of the same element to offer insights not available in any previous study. In 
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particular, XPS enables me to determine the Ce3+% on the surface of the ceria particles in a 

slurry. 

 

A comprehensive description of the XPS equipment can be found in Chapter 2; here I present a 

brief review of the technique with a detailed description of the orbitals and energetics of cerium 

specifically, to account for all of the spectral features in my data.  

 

The first step to obtaining Ce3+% information is determining the appropriate electron orbital to 

measure in XPS. The binding energy of an electron is unique to the orbital in which it is 

localized, as dictated by quantum mechanics. The orbital chosen must be able to undergo 

splitting so that the different oxidation states can be distinguished from each other. While the 

electron configuration of cerium, [Xe]4f15d16s2, contains orbitals with energy from the 1s-6s, 

electrons with binding energies that are greater than the energy of the incoming Al Kα X-ray 

(1487 eV) will not be ejected upon impact [85], [86]. Mathematically, this would result in a 

negative EK in equation 2.2, which is clearly not meaningful. Physically, this means that the 

incoming X-ray does not have sufficient energy to eject an electron from one of those orbitals. 

For cerium, this eliminates the possibility of obtaining information from orbitals with higher 

energy than the 3d orbital. Of the orbitals with energy lower than 3d, the 5s orbital cannot exhibit 

splitting and the valence orbitals (4f, 5d, 6s) have very low peak intensities and binding energy 

making them unsuited for XPS analysis. Of the remaining orbitals, while they encounter the 

same problems as the valence orbitals, the 4p, 4d and 5p can be analyzed for oxidation state 

information. Unfortunately, to resolve the small differences in energy between peaks of different 

oxidation state in these orbitals, a very low pass energy is required, greatly lowering the signal-
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to-noise ratio. Therefore, this analysis requires single crystal samples and very high resolution 

instruments operating with detectors of large center radius 𝑅 , low angle of electron entry 𝛼 and 

small slit width 𝑑 as per equation 2.8, reproduced here: 

 

∆𝐸 = 𝐸 + 𝛼                                       Equation 3.5 

This leaves the 3d orbital as the best orbital to analyze for chemical information. Though 

selecting the orbital was easy, analysis of the 3d orbital is not. This region has ten different 

photoelectron peaks with four corresponding to Ce3+ and six with Ce4+ (fig. 3.1 and Table 3.2). 

 

 

Figure 3.1. Theoretical spectra of Ce4+(blue) and Ce3+(red). There are 10 peaks, 6 from Ce4+ and 

4 from Ce3+. Nine of these peaks overlap with each other as one set of 5 and a second set of 4 

[87]. 
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Table 3.2 List of peaks by binding energy and type. Colors  

indicate the different peak regions in a ceria spectra [88] 

Binding energy (eV) Oxidation State Peak type 

916.7 4+ Shake-up 3d3/2  

907.4 4+ Parent 3d3/2 

904.0 3+ Parent 3d3/2  

901.0 4+ Shake-down 3d3/2 

898.9 3+ Shake-down 3d3/2 

898.4 4+ Shake-up 3d5/2 

888.8 4+ Parent 3d5/2 

885.4 3+ Parent 3d5/2 

882.6 4+ Shake-down 3d5/2 

880.6 3+ Shake-down 3d5/2 

 

These peaks are grouped into three regions of decreasing binding energy with one (one Ce4+), 

five (three Ce4+, two Ce3+), and four (two Ce4+, two Ce3+) peaks respectively. These regions are 

color-coded in Table 3.2 as blue, red, and yellow, respectively. The large number of peaks arise 

from four different processes occurring simultaneously: (1) splitting of electron orbitals due to 

bonding, (2) increased/decreased screening of core nuclear charge, (3) the so-called ‘shake-up’ 

process, and (4) the so-called ‘shake-down’ process. Their origins and energies are summarized 
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in Table 3.2, and described individually in detail next, along with the so-called ‘shake-off’ 

process which contributes to an increased background signal in this region of the XPS spectrum. 

 

The first process is the splitting of electron orbitals. When an atom has bonds to other elements, 

the orbital energy levels split based on the coordination of the bond [89]. In the case of the 

tetrahedral bonding between cerium and oxygen, the five 3d orbitals will split into two 3d3/2 at 

higher binding energy and three 3d5/2 orbitals with lower binding energy (fig. 3.2). This splitting 

results in each peak having a doublet with a difference in energy of ~18.6 eV and a peak area 

ratio of 2:3 for 3d3/2 to 3d5/2 respectively [90]. When a photoelectron is ejected and has no further 

interactions with the atom from which it is ejected, the resulting peak in the spectrum is called 

the parent peak and is denoted as Ce(3d-1). Thus, the orbital splitting results in two parent peaks 

for each of the cerium oxidation states in table 3.2. 

 

 

Figure 3.2. Diagram of cerium 3d orbital splitting in Ce4+
. Closed circles represent electrons and 

open circles are holes. As the 3d orbitals (red boxes) split, a difference in both eV and relative 

peak area is introduced into the XPS spectrum.  
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The second process arises from the presence of multiple oxidation states at the sample surface, 

the property of most interest for the XPS analysis of ceria. The difference of one electron 

between the Ce4+ and Ce3+ states results in a decrease in binding energy of the Ce3+ peaks by ~4 

eV when compared to Ce4+. This difference is due to the extra 4f electron in Ce3+ increasing the 

screening of the negatively charged electrons on the positively charged core [91]. This increased 

screening results in decreased pull on the photoelectron, allowing it to leave with a greater 

kinetic energy.  

 

The last two processes, shake-up and shake-down, arise from energy transfers between the 

photoelectron and the other electrons in the atom as it is ejected [92]. During a shake-up process, 

the ejected electron will transfer energy to an electron in the highest occupied orbital equal to the 

amount needed to promote that electron to the lowest unoccupied orbital. This transfer lowers the 

kinetic energy of the exiting photoelectron resulting in a calculated binding energy that is higher 

than the true binding energy for that electron when using the previous formula (fig. 3.3). For 

ceria, this transfer has an energy difference of 13.6 eV for a Ce4+ atom and the resulting peak 

denoted as Ce(3d-15p-16s+1).  
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Figure 3.3. Schematic diagram of energy transfer from a moving photoelectron (blue) to a 5p 

electron resulting in the photoelectron leaving the atom with lower energy (shake-up satellite 

peak) and the atom having an electron in an excited state.  

 

A similar process can occur with atoms in the Ce3+ state, but the probability is very low, leading 

to this peak being lost in the considerable background in the Ce3d spectrum [93]. This 

background is due to an energy transfer referred to as a shake-off process. This is similar to the 

shake-up process, but the photoelectron transfers enough energy to eject the 5p electron resulting 

in a wide range of detected photoelectron energies and considerable background, expressed as 

Ce(3d-15p-1), at binding energies equal or greater than the true binding energy of the ejected 

electron (fig. 3.4).  
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Figure 3.4. Schematic diagram of the shake-off process, which increases the overall background 

in the spectrum but does not lead to a separate peak. (a) Transfer of energy from the exiting blue 

photoelectron to a 5p electron which is also ejected (shake-off) results in (b) the photoelectron 

leaving with less energy than it initially posessed. (c) XPS spectrum of this region, 

demonstrating the increased background in the spectrum at binding energies ≥ the cerium energy 

region as a result of this process. 

 

The shake-down process occurs through multiple steps starting the moment an X-ray imparts its 

energy upon the 3d electron [93]. Since this electron is no longer present in the 3d orbital, every 
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orbital with lower binding energy is now being screened from the positively charged nucleus by 

one electron less than it normally would be (fig 3.5a). This change is equal to the pull of a 

nucleus of praseodymium, the next lanthanide in the periodic table. Based on this information, it 

is theorized that the energy levels of all orbitals with lower binding energy than 3d will be at the 

energy level of the same orbitals in praseodymium (equivalent core argument). This new energy 

level means that the 4f orbital is now below the fermi level for cerium and a delocalized electron 

from the nearby O2p orbital can be transferred to the Ce4f orbital (fig 3.5b). As the 

photoelectron passes the 4f orbital this extra localized electron increases the screening effect of 

the electrons on the core, similar to the increased screening of Ce3+ over Ce4+ discussed 

previously. This increase in kinetic energy is ~5 eV and the peak is labeled Ce(3d-14f+1)O(2p-1) 

(fig. 3.5c). 
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Figure 3.5. Schematic diagrams of electron transfer between oxygen and cerium during ejection. 

Ejection of a 3d electron a) increases the binding energy of the 4f orbital below the fermi level of 

cerium. This allows for b) the transfer of electrons from oxygen and c) decreases the pull from 

the nucleus (represented by green lines) on the ejected photoelectron, increasing its kinetic 

energy (shake-down satellite peak). 

 

After obtaining a spectrum that contains all ten peaks, fitting must be performed along with 

deconvolution of the areas with multiple peaks to calculate an accurate Ce3+%. The first step in 

fitting is to determine the positions of each peak in the spectrum. Cerium naturally forms the 
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oxide CeO2 (Ce4+) so there are readily available references that have these peak positions listed 

[88]. Unfortunately, the oxide Ce2O3 (Ce3+) is a pyrophoric compound at room temperature and 

so cannot be isolated to create a reference. Most papers use the peaks for CePO4, a stable 

compound in which cerium is pinned in the Ce3+ state as a substitute reference for the oxide [94]. 

Alternatively, reference peak positions for Ce3+ in an oxide can be obtained in situ by etching a 

CeO2 film (fig. 3.6a) inside the XPS to form a Ce2O3 surface on the sample (fig 3.6b). This 

oxidation state change is due to the much lower atomic weight of oxygen compared to cerium 

which leads to differential sputtering of the oxygen, leaving the film in the sub-stoichiometric 

state CeOx where x is between 2 and 1.5. After many etch steps x will be ≅1.5 and the film will 

have artificially changed oxidation state from 4+ to 3+. This in situ method was used as the 

second reference spectrum for the remainder of this study.  

 

  

Figure 3.6. XPS spectra of the CeO2 film initially a) and after 2400 s etching b). Ce4+ peaks are 

no longer present with a large enough area to mask the position of the Ce3+ peaks. Data for this 

reference generated during a study of Au impregnated ceria films [95]. 
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These two references allow the position of each of the nine convoluted peaks to be determined in 

relation to the single isolated peak at 916.7 eV. This is an important step to compensate for any 

charging the surface may experience during sampling.  

 

The next consideration for accurate fitting is the background used [96]. The traditional 

background types used in XPS fitting are Shirley and Tougaard. The former is iteratively 

determined through estimation of the total peak area over the range being fit while the latter is 

based on the probability of an electron undergoing a loss event [97], [98]. Since both of these 

methods make assumptions about the processes occurring, the actual peak areas calculated can 

vary widely from fit to fit. Alternatively, a practical background for fitting a Ce3d spectrum was 

chosen, consisting of a linear background split into three distinct sections, each corresponding to 

the three groups of peaks. Though this background has no physical meaning, its repeatability and 

reproducibility means that the spectra fit with this background can be directly compared to each 

other. In other words, although the absolute values obtained from a single spectrum may be 

inaccurate, they are precise; differences between spectra can therefore be reliably interpreted.   

 

The third parameter for fitting is the shape of the peaks being fit. Peaks in a spectrum should be 

sharp lines as the orbital energies are sharply defined by quantum mechanics, but they undergo 

broadening due to detector response, x-ray line shape, thermal broadening, sample charging, and 

natural broadening due to uncertainties in the lifetime and energy of the ejected electron. The 

first four effects are Gaussian in nature, while the last is Lorentzian [96]. To account for all of 

these effects a pseudo-Voigt line shape that takes the product of the Gaussian and Lorentzian 

components is used at a mix of 70:30 [99].  
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The final parameter for fitting is the full width half max of each peak (FWHM). The 3d3/2 parent 

peak is slightly isolated at higher binding energy side of the middle group enabling the 

determination that the FWHM of these peaks is 3.5 eV and is independent of sample charging. 

The satellite peaks range in FWHM from 2.4-3 eV due to sample charging with their FWHM 

determined on a sample by sample basis by fitting the isolated shake-up peak.  

 

After these parameters are determined, constraints need to be added to the system. Since fitting 

programs give the mathematically best possible fit, they can create unrealistic peak profiles to 

achieve their goal such as negative peak areas or peaks that have a higher intensity then the data 

they are being fitted to (fig. 3.7). By adding constraints, fits can be performed that give a 

meaningful Ce3+% estimate. The constraints used in this thesis were ±0.5 eV FWHM, ±0.3 eV 

peak position, a doublet splitting of 18.6±0.2 eV, an area ratio of 2:3 for 3d3/2:3d5/2 and a 

maximum peak height equal to the spectrum height. Additionally, based on the various reference 

spectrum obtained for the Ce3+ peaks, the peak area of the shake-down doublet is between 50-80 

% of the parent doublet. This final constraint is crucial to proper fitting since the Ce3+ peaks are 

fully concealed by the Ce4+ peaks leading to unrealistic fits where the parent peaks are 1000x 

more intense than the shake-down peaks or vice versa. 
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Figure 3.7. The importance of realistic fiting in XPS analysis. a) Fitting a ceria peak without 

constraints can result in peak with greater height than the data they are derived from (black 

highlighted region). (b) With proper constraints, the non-physical results can be avoided.  

 

After fitting with these constraints, a Monte Carlo simulation is performed and if the standard 

deviation of the peak position is greater than 1 eV, ~25% of the smallest difference in peak 

position being measured (parent to shake-down), the fit is discarded. The final step of fitting is 

decoupling peak area and the element being analyzed (equation 3.4). 

 

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝐴𝑟𝑒𝑎 =
 

∗ ∗
                                Equation 3.6 

Where RSF is the relative sensitivity factor, T is the transmission factor and MFP is the mean 

free path of an electron traveling through a solid. The RSF of a peak is determined by X-ray 

source, element, orbital and spin orbital. The two RSF libraries that are commonly used are 

Scofield [100] and Wagner [101]. For this fitting I used the Scofield library for an Al X-ray 

source. When fitting peaks, only one orbital per element should be fit. If only one spin orbital is 

fit, the RSF of that spin orbital is used. If both are fit, the combined RSF is used to fit all peaks 
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[96]. Throughout this study, the RSF used is 51.6, the combined RSF of the 3d3/2 and 3d5/2 

orbitals. MFP is determined by the element that the electron is traveling through. Once the fit is 

accepted and the peak areas calculated, the Ce3+% can be extracted by dividing the area of the 

Ce3+ peaks by the total area of the Ce peaks.  

 

Using this information, the effect of a variety of chemical additives on the ceria surface can be 

determined. I hypothesized that pH has no effect on the Ce3+% on the particle surface and that 

any changes reported in literature were changes in oxidation state of free ions in solution. To test 

this hypothesis, I first measured the known effect of particle size on Ce3+%. After this 

confirmation, I measured the Ce3+% over a pH range of 2-12. Additionally, I tested the effect of 

other slurry additives, namely oxidizing agent and surfactants, on the Ce3+%.  
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B. Materials and Methods 

1. Materials 

 

Table 3.3 Chemicals used during ceria abrasive slurry trials 

Chemical name Manufacturer 

50 nm ceria powder  

 

 

 

 

Sigma-Aldrich, St. Louis, MO 

5 nm ceria dispersion (20 wt.%) 

Hydrogen peroxide (H2O2) 

Potassium hydroxide (KOH) 

Nitric acid (HNO3) 

Sodium dodecyl sulfate (SDS) 

Polyvinylpyrrolidone (PVP) 

Glycine 

Cetyltrimethylammonium bromide (CTAB) 

20 nm ceria powder Sky Spring Nanomaterials, Houston,TX 

 

2. Procedure 

Slurries were prepared by mixing 0.02 g (1.0 wt.%) ceria abrasives, 0.030 cm3 of 30 wt.% H2O2 

(0.5 wt.%) and 1.5 cm3 DI H2O, after which the final volume was adjusted to 2 cm3 with DI H2O. 

The pH of the slurry was subsequently adjusted to pH 8 with 0.1 M KOH. Following this, the 

slurry was placed in a sonication bath for 1 min to ensure proper dispersion of the ceria 

abrasives. To optimize the chemical removal properties of ceria abrasive slurries, several 

chemical and one physical parameter were investigated. 
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C. Results and Discussion 

1. Effect of particle size 

Before determining the effect of chemical environment on Ce3+%, the effect of physical 

properties of the particles were determined. This ensures that the results are representative of 

ceria as a whole and not due to an unknown variable in the production process. To isolate the 

physical properties, three different sizes of ceria from two different manufacturers were 

measured. The three sizes chosen represent the main range of particle sizes for typical ceria CMP 

abrasives (5-70 nm). The representative SEM images of the different ceria used in this study are 

shown in figure 3.8.  
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Figure 3.8. SEM images of a) Ce1 (68 nm) and b) Ce2 (20 nm) at a magnification of 150kx. The 

final image c) Ce3 (6 nm) was obtained at a magnification of 450kx.  

 

The particles in figure 3.8a and b were obtained as a powder and re-dispersed to form a slurry 

while those in figure 3.8c were already dispersed in water. These samples will be referred to as 

Ce1, Ce2 and Ce3 respectively. Ce1 had the largest particle size average, at 68 nm; Ce2 was 20 

nm; and Ce3 was 6 nm. To prepare XPS samples, these slurries were dried onto a conductive 

copper substrate. After drying, the particles were introduced into the vacuum chamber and 

analyzed. While it is impossible to ensure the number of particles in each sample is identical, the 

calculation for Ce3+% is based on the ratio of peak areas in a single spectrum and not the 

intensity of those peaks. This difference in sample loading will therefore not have an effect on 
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the Ce3+% that is calculated. To ensure the XPS results were meaningful multiple samples were 

created for each data point to obtain average values and their associated errors. XPS spectra for 

the three ceria particle sources are shown in figure 3.9. As the size of the particles decreases, the 

size of the Ce3+ peaks in the spectrum increases, indicating a higher Ce3+% on the particle 

surface, consistent with other reports [11], [76], [77]. The sizes and initial Ce3+% of the as-

received samples are summarized in Table 3.3.  

   

 

Figure 3.9. XPS analysis of as-received ceria abrasives a) Ce1 b) Ce2 c) Ce3. The blue peaks 

correspond to Ce4+ while the green correspond to Ce3+. The area of the green peaks (Ce3+ %) 

increases with decreasing particle size. 



64 
 

 

 

 

 

 

 

Table 3.4 Average size and Ce3+% of as-received ceria powders 

Particle Average Size (nm) Ce3+ concentration (%) 

Sigma Powder 68±10 12±1.4 

Sky Spring Nanomaterials 

Powder 

20±5.5 26±1.2 

Sigma Dispersion 5±1.8 31±1.2 

 

2. Effect of pH 

The first chemical parameter investigated was pH, since it has been previously reported to have 

an effect on Ce3+%. Ce1 and Ce2 were dispersed in water and the pH of all three samples were 

measured and found to be ~8 without any modification. Model slurries were then made with pH 

ranging from 2-12. When samples were dried from these models, a pH strip was dipped in DI 

H2O and then pressed against the dried powder. The pH values measured indicated that no 

changes in pH had occurred due to the drying process. Thus, the XPS measurements, despite 

being conducted on dry powders (which are not normally referred to in terms of pH) will still be 

representative of the pH of the liquid slurry.  
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Figure 3.10 shows that the calculated concentration of Ce3+ on the surface of each ceria changes 

negligibly across a wide range of pH. While the particles differ from each other, each particle 

stayed at its own initial value across the pH range tested. These values are in disagreement with 

those found previously in the literature, which measured cerium ions in solution using UV-Vis 

spectroscopy post-CMP, but did not directly measure the Ce3+ on the surface of the 

nanoparticles.  

 

 

Figure 3.10. Effect of pH on the Ce3+ concentration of different ceria particles. No ceria particles 

exhibited significant change in Ce3+ % across the pH range of 2-12. Lines included as a guide for 

the eye only. 

 

This point is critical, since these prior literature reports linked an increase in removal rate as pH 

approached the isoelectric point of ceria [102] to their detection of Ce3+ in solution. However, 

since changing the pH did not change the proportion of available Ce3+ on the particles that are 

actually responsible for material removal, the observed increase in removal rates with increasing 

pH must be related to the interaction between ceria and the oxide surface. As discussed earlier, 
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chemical removal occurs when the slurry is at or near the isoelectric point of either the ceria or 

the oxide (equations 1.3 or 1.4). Cook stated in his paper that to obtain high removal rates the 

oxide must be able to undergo hydrolysis to incorporate H2O into its lattice. This incorporation 

breaks subsurface oxygen bonds upon subsequent particle impacts, thus increasing the 

probability that a silicate will be removed. The hydrolysis of silica has been determined to only 

occur at an appreciable rate above pH 7 (equation 1.2) [56].   

 

Based on these points, it can be seen that the highest removal rate would occur at pH 8-9, due to 

greater hydrolysis of silica and increased rate of condensation between ceria and silica. A final 

consequence of chemical removal through condensation reactions is that the concentration of 

Ce3+ sites has no effect on reaction rate. Any increased removal due to increasing Ce3+% is 

instead due to a greater probability for the reaction to occur. 

 

3. Effect of peroxide 

The second chemical parameter tested was the effect of oxidizing agent on the Ce3+% of the 

particles, shown in figure 3.11. The initial Ce3+% values given in Table 3.3 correspond to the 0% 

H2O2 data points in this figure.  
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Figure 3.11. Effect of H2O2 on the Ce3+ concentration of different ceria particles (lines included 

as a guide for the eye only). Both of the smaller particles (Ce2 and Ce3) exhibit an inverse 

relationship between Ce3+ % and H2O2 wt.%. Ce1 has a more complicated relationship with a 

peak in Ce3+ % at 0.5 wt.% H2O2. 

 

It would normally be assumed that as the oxidizing agent concentration increases, the cerium 

particles will be oxidized and the Ce3+% will subsequently decrease. This behavior holds true for 

both Ce2 and Ce3, but surprisingly not for Ce1, where a more complicated relationship was 

found. In particular, the Ce3+% on the surface of Ce1 doubles with the addition of small amounts 

of H2O2, then gradually decreases back to its initial concentration.  

 

Traditionally, the effect of H2O2 on ceria has been explained using reduction-oxidation reactions 

due to ceria’s use as a catalyst. Equations 3.5 and 3.6 correspond to the reduction of ceria, 

whereas equations 3.7 and 3.8 detail ceria oxidation [103]. 
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𝐶𝑒𝑂𝐻 + 𝐻 + 𝑒
 

→ 𝐶𝑒 + 𝐻 𝑂,  𝐸 =  +1.709             Equation 3.7 

𝐻 𝑂
 

→ 2𝐻 + 𝑂 + 2𝑒 ,  𝐸 =  −0.695 𝑉  Equation 3.8 

𝐶𝑒 + 𝐻 𝑂
 

→ 𝐶𝑒𝑂𝐻 + 𝐻 + 𝑒 ,  𝐸 =  −1.709 𝑉         Equation 3.9 

𝐻 𝑂 + 2𝐻 + 2𝑒
 

→ 2𝐻 𝑂,  𝐸 =  +1.776 𝑉               Equation 3.10 

 

Based on these reactions the reduction of ceria is favored, yet only Ce1 exhibits reduction, and 

even then, it is only upon small additions of H2O2. To understand how this seemingly 

counterintuitive result – that an oxidizing agent can reduce a metal cation – requires a deeper 

investigation into how ceria switches oxidation states. Ceria is often used to scavenge oxygen 

through catalysis [104], but in this case, it is more instructive to examine its ability to scavenge 

reactive oxygen species (ROS) from biological cells [26], [105]. For this purpose, ceria can 

mimic two different ROS scavengers, the enzymes catalase and superoxide dismutase (SOD). 

Ceria’s SOD mimetic activity requires reacting with both H2O2 and oxygen radicals, whereas 

catalase only reacts with H2O2. Since the concentration of H2O2 in the slurry is much higher than 

the naturally occurring ●O-
2 the ceria will react according to the catalase reaction mechanism 

(fig. 3.12 adapted from [27]).  
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Figure 3.12. Catalase mimetic activity of ceria. In this cycle, ceria reacts with H2O2 twice. At the 

top of the cycle, it converts Ce4+ to Ce3+, while at the bottom of the cycle it converts Ce3+ to Ce4+ 

(adapted from [27]). 

 

Through this mechanism ceria reacts with H2O2 twice. First converting from Ce4+ to Ce3+ (top of 

diagram) and the second time reverts the particle back to the Ce4+ state (at the bottom of the 

diagram).   

 

When the particle starts with a low initial Ce3+ state, like Ce1, it will proceed in the forward 

reaction converting Ce4+ to Ce3+ until enough H2O2 is added to continue the reaction and oxidize 

the cerium [106]. The other particles, Ce2 and Ce3, enter the cycle with a higher Ce3+/Ce4+ ratio 
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and therefore proceed through the second half of the cycle only.  With this knowledge, larger 

particles (which naturally have a lower Ce3+/Ce4+ ratio) and those with low Ce3+% due to other 

reasons can be tailored through small additions of H2O2 to increase this value and make them 

more effective as polishing abrasives. 

 

4. Effect of surfactant 

The final parameter investigated was the effect of surfactants on the ability of H2O2 to increase 

Ce3+%. Only Ce1 was used for this set of experiments since there was no increase in Ce3+% upon 

H2O2 addition for either Ce2 or Ce3.  

 

As seen in figure 3.13a, the addition of surfactants to Ce1 without H2O2 had no significant effect 

on the Ce3+% across a range of concentrations. Figure 3.13b shows the impact of surfactant after 

0.5 wt.% H2O2 has been added to the Ce1 slurry, which maximizes the initial Ce3+%. In this case, 

a difference is observed between the surfactants, where glycine and PVP both reduced the Ce3+% 

significantly while CTAB and SDS had almost no effect. While all the surfactants were added at 

0.5 wt.%, this concentration is above the critical micelle concentration for both SDS and CTAB 

[107], whereas glycine and PVP were in the form of single molecules or polymer chains 

respectively. This structural difference means that fewer surfactant molecules were available to 

bind to the ceria surface for the micellular surfactants than the linear ones. Subsequently, there 

are more unbound Ce3+ sites in slurries that contain the former, resulting in a greater Ce3+% at 

the particle surface. 
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Figure 3.13. Effect of surfactants on the Ce3+ concentration both a) without H2O2 and b) with 0.5 

wt.% H2O2 at 0.5 wt.% surfactants. Surfactants have a small effect on Ce3+ without H2O2. With 

H2O2 micellular surfactants (CTAB and SDS) have less effect on Ce3+ % than linear surfactants 

(Glycine and PVP). 

 

D. Conclusions 

A model for the effect of chemical environment on the oxidation state of ceria abrasives for CMP 

was described. Each particle had a different initial Ce3+/Ce4+ ratio that is determined by their size 

and synthesis conditions. This ratio was not affected by the pH of the solution that the particles 

were dispersed in. By introducing H2O2 to the slurry, the ratio of cation valence state was altered 

in a predictable way based upon the initial conditions of the particle owing to the catalase-like 

reaction of ceria in the presence of H2O2. Finally, the addition of surfactants reduced the 

effectiveness of the slurries. The extent of the reduction depended on the physical structure of 

surfactants, which affected the number of surface sites that were blocked, leading to differences 

in their effect on the Ce3+/Ce4+ ratio. These findings can be used to inform and improve the 

design of future ceria slurries to maximize their chemical removal of oxides.  
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IV. Improved Ceria Slurry for Thermal Silicon Oxide Polishing 

A. Introduction 

The previous chapter established the means for probing the Ce3+% on the surface of 

nanoparticles, and how that parameter responded to the chemical environment surrounding the 

particles [9]. The underlying premise is that such changes to the nanoparticles will have an 

impact on the polishing efficacy of a slurry made with those nanoparticles. This chapter now sets 

out to demonstrate the validity of this premise by polishing thermal silicon oxide.   

 

There are two types of silicon oxide polishing currently being used in semiconductor 

manufacturing, the previously mentioned STI and ILD manufacturing steps. While polishing for 

these steps are each carried out in two phases known as the initial and final polish, the two 

processes have distinctly different challenges, and a brief review is provided here [51]. 

 

CMP after STI is focused on removal of excess dielectric material to create islands of active 

device regions isolated by dielectric trenches [49]. The first step of oxide CMP removes most of 

the excess material and planarizes the surface. At this stage, the remaining oxide should be of 

uniform thickness across the entire wafer surface. The second “final” polishing step is slower 

and smooths the surface across short distances. This polish removes the remaining excess 

material and stops once the nitride cap over the active region has been exposed.  

 

Any long-range non-uniformity (within-wafer non-uniformity, WIWNU) that remains after the 

first step of polishing will propagate through the second polish. This can manifest as variation in 
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the nitride cap layer thickness, for example, which results in nonuniform transistor gate thickness 

and incomplete contacts with the tungsten plugs. Improper planarization at the first CMP step 

may also leave oxide residue on the nitride surface after the final polish. This oxide will inhibit 

chemical etch of the nitride and prevent the creation of transistor gates in that region.  

 

While short-range variations (i.e., scratches) are unfavorable in the first polish, they can be 

compensated for with the final polish. On the other hand, scratches created during the final 

polish, especially in the nitride cap, will not be removed and are detrimental to the subsequent 

processing steps [108] (fig. 4.1).  

 

 

Figure 4.1. SEM images [109], of “chatter mark” defects due to STI CMP. Post-CMP cleaning 

will etch the damage surface preferentially, resulting in defects that are much larger than the 

original scratch. Scale bars altered to improve visibility. 
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In addition, since the second CMP step exposes two materials, the selectivity to oxide polishing 

or difference in removal rate between oxide (high removal) and nitride (low removal) is critical 

at this stage. The lower this selectivity, the more likely there will be within-wafer differences in 

nitride cap thickness causing similar nonuniform transistor gate thickness and incomplete 

contacts with the tungsten plugs mentioned before.  

 

Finally, correct endpoint determination is necessary at this stage to reduce overpolishing of the 

oxide. Oxide overpolishing will result in dishing, a concave surface, between the transistors and 

propagate this shape to later processing steps including lithography. High selectivity can help 

alleviate this problem because there will be a sharp decrease in removal rate once the nitride cap 

is exposed. This metric is therefore a reliable indicator of the polishing endpoint. 

 

The second type of oxide CMP, ILD CMP, planarizes the oxide used to electrically isolate the 

metal layers in the MOL and BEOL. After ILD CMP is performed, metal contact (MOL) or via 

holes (BEOL) will be made to connect the FEOL to the BEOL or adjacent metal layers 

respectively. The initial polishing step for ILD CMP is the same as for STI CMP. This leads to 

the same challenges of WIWNU leading to errors in contact/via depth. The final polishing step in 

ILD CMP stops at a specific oxide thickness instead of a stopping layer (i.e. the nitride cap). This 

lack of an easily detectable endpoint complicates the CMP process and subsequently the 

polishing conditions are as gentle as possible to widen the acceptable window for polishing time. 

As before, an additional focus of this final polish is to remove any scratches created during the 

initial polish. This step is particularly critical in ILD CMP, since metals (and diffusion barriers) 

will be deposited next, during which steps the deposit will fill scratches that may be deeper than 
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the subsequent CMP can remove. This residual metal may cause shorts between the contacts or 

lines.  

 

Summarizing, then, the critical performance metrics in both STI and ILD polishing are material 

removal rate (MRR), long-range surface roughness (RZ) and short-range surface roughness 

(RRMS). Selectivity relative to nitride is also an important factor in slurry evaluation [110]–[112]. 

This chapter focuses on correlating these metrics to the slurry design presented in the previous 

chapter for polishing thermal oxide. Slurry design for metal polishing has other considerations 

that will be discussed in the next chapter.  
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B. Materials and Methods 

1. Materials 

Table 4.1 Chemicals used during ceria polishing experiments 

Chemical name Manufacturer 

50 nm ceria powder  

 

 

 

 

Sigma-Aldrich, St. Louis, MO 

5 nm ceria dispersion (20 wt.%) 

Hydrogen peroxide (H2O2) 

Potassium hydroxide (KOH) 

Nitric acid (HNO3) 

Polyvinylpyrrolidone (PVP) 

Cetyltrimethylammonium bromide 

(CTAB) 

20 nm ceria powder Sky Spring Nanomaterials, 

Houston,TX 

Commercial ceria slurry  

NY CREATES, Albany, NY 180 nm thermal oxide on silicon 

80 nm PECVD nitride on silicon 

Crystalbond™ adhesive 821-3 Ted Pella Inc, Redding, CA 

ChemPol™ non-woven polishing pad 
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30 nm & 80 nm colloidal silica 

dispersion 

Allied High Tech, Rancho 

Dominguez, CA 

 

 

2. Procedures 

To correlate the findings of chemical environment effects on ceria oxidation state with key 

polishing parameters, the environmental conditions discussed in chapter 3 were investigated as 

they relate to polishing efficiency. Additional experiments were included to measure the 

oxide:nitride selectivity of this new ceria slurry. 

 

Slurries were prepared by mixing 0.254 g (1.0 wt.%) ceria abrasives, 0.381 cm3 of 30 wt.% H2O2 

(0.5 wt.%) and 20 cm3 DI H2O, after which the volume was adjusted to a final volume of 25 cm3 

with DI H2O. The pH of the slurry was subsequently adjusted to pH 8 with 0.1 M KOH. 

Following this, the slurry was placed in a sonication bath for 1 min to ensure proper dispersion of 

the ceria abrasives.  

 

Polishing samples were prepared through cleaving a 300 mm wafer into coupons with an area of 

2.25 cm2. These coupons were attached to a parallel polishing fixture with Crystalbond™ at 180 

°C, after which they were cooled to room temperature. After cooling, the fixture was attached to 

a Multiprep benchtop polisher (Allied High Tech, Rancho Dominguez, CA) modified with a 

slurry retention system. The coupon was subsequently polished for 1 min with a downforce of 

20 kPa/2.9 psi and rotation speeds of 40 rpm clockwise (platen), 20 rpm counter-clockwise 

(head) and 8 rpm (oscillation). After polishing, the coupon was reheated to 180 °C to remove it 
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from the polishing head and underwent a two-step post-polish clean. The first step was an 

acetone wash to remove residual Crystalbond™ from the back of the coupon. The second step 

was performed using a mixture of H2O2/KOH at a ratio of 2:3 to remove any ceria abrasives that 

may be chemically bound to the surface. This ratio was found to be most effective for cleaning 

ceria particles that are small and/or highly chemically active off oxide surfaces [60]. 

 

The RZ and RRMS of the thermal oxide on silicon wafers were measured through profilometry and 

AFM respectively. The MRR for thermal oxide and PECVD nitride on silicon were both 

measured through ellipsometry. In this technique, the difference in phase (Δ) between the light 

that reflects off of the wafer surface and that which reflects off the buried silicon surface can be 

used to determine the thickness for films up to a few μm thick [73]. Unfortunately, these 

measurements are complicated by the complex optical constants of the material as the light 

passes through it. Both the amplitude of the light, Ψ, and refractive index of the material, n, must 

be taken into account as well to determine the true thickness of a film. Other complexities 

include transparency of the film, optical properties of the substrate and surface roughness [113]. 

Due to a large change in absorption of the underlying silicon substrate after its bandgap (>1100 

nm) [114], the upper limit of the fitting was set to 1000 nm . Both oxide and nitride films are 

transparent with extinction coefficients of k≅0 over the wavelengths measured (250-1000 nm) 

[115], [116]. This reduces the equation for complex refractive index (equation 4.1) to just the 

real component of refractive index (equation 4.2).  
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𝑛 = 𝑛 + 𝑖𝑘                                                     Equation 4.1 

𝑛 = 𝑛                                                         Equation 4.2 

 

 

With this simplification, fitting of optical constants will have physical meaning even if the 

relation between the real and imaginary components is not contained in the model 

(Kramers-Kronig relations) [117]. The final complication, roughness, effectively lowers the 

refractive index of the film at the surface, altering the value for thickness that is calculated. To 

account for this, an approximation known as the effective medium approximation (EMA) is used 

[118]. This assumes that there is a layer of material on the surface of a film of unknown 

thickness that is 50% the material being measured and 50% air. This layer will have a refractive 

index that is a mix of the measured material and air (n=1). 

 

The fitting procedure used is determined by the material that is being measured. For thermal 

oxide fitting the most commonly used fitting procedure is the Cauchy equation (equation 4.3) 

[119]. For these fitting procedures, C was set to zero as it is only important at very small 

wavelength [120]. This reduces the equation to that shown in equation 4.4. 

 

𝑛(𝜆) = 𝐴 + + + ⋯                                          Equation 4.3 

𝑛(𝜆) = 𝐴 +                                                     Equation 4.4 

 

With this reduced Cauchy equation, the two constants A and B determine the minimum 

refractive index and how quickly the refractive index increases with decreasing wavelength 



80 
 

respectively. The complete analysis profile has three layers consisting of silicon 

substrate/Cauchy silicon oxide/EMA and the terms being fit include thickness, A and B.  

 

The fitting procedure for the PECVD nitride film is much more complicated. Silicon nitride 

films contain crystalline regions which undergo crystal field splitting [121]. As such, fits of this 

material require multiple oscillators to model their dispersion characteristics and are not 

meaningfully fit by the Cauchy equation. To fully model this material, the Cauchy equation is 

replaced with the much more general Lorentz oscillator equation (equation 4.5) that describes the 

imaginary component of the refractive index in the form of the imaginary dielectric function 

𝜀 (𝐸) [122]. 

 

𝜀 (𝐸) = 𝐴 (𝐸 − 𝐸 ) /𝐸                                        Equation 4.5 

 

Where AT is a fitting parameter and Eg is the optical band gap. To account for the differences in 

energy due to crystal field splitting, the Tauc density of states equation (equation 4.6) is 

combined with equation 4.5. This equation describes the imaginary part of the dielectric function 

for all valence and conduction band states.  

 

𝜀 (𝐸) = 2𝑛𝑘 =
( )

                                 Equation 4.6 

 

In this equation, AL is a different fitting parameter, E0 is the peak transition energy and C defines 

the broadening. The combined form of these equations known as the Tauc-Lorentz model 

(equation 4.7) and was first proposed in 1996 to model the imaginary part of the refractive index. 
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To determine the real part of the refractive index, the Kramer-Kronig relation mentioned earlier 

is used to relate the imaginary component of the dielectric function 𝜀 (𝐸) to the real component 

𝜀 (𝐸) (equation 4.8). 

 

 

 

𝜀 (𝐸) =
( )

( )
× , 𝐸 > 𝐸                          Equation 4.7 

𝜀 (𝐸) = 𝜀 (∞) 𝑃 ∫
( )

𝑑𝜉                               Equation 4.8 

 

In the first equation (4.7), the previous AT and AL fitting parameters are combined into a single 

term denoted A. Additionally, equation 4.8 introduces the new variables 𝜀 (∞) and P. The former 

is the real dielectric function as energy approaches infinity while the latter is the Cauchy 

principle value of the integral. This complete analysis profile has four layers consisting of silicon 

substrate/native silicon oxide/Tauc-Lorentz silicon nitride/EMA. The extra native oxide layer is 

added to account for any oxide that may have grown on the surface of the wafer between 

cleaning and nitride deposition. The terms that are fit for these equations include thickness, Eg, 

E0, 𝜀 (∞), C and A. In practice both Eg and 𝜀 (∞) are made constant with values determined by 

the material and only thickness, E0, C and A are fit. 
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C. Results and discussion 

1. Effect of peroxide 

Given that the particles used for the model slurries were larger than the nominal average of the 

commercial slurry (68 nm vs. 40 nm), a slightly higher MRR but also greater roughnesses were 

anticipated. In addition, all of the model slurries created had higher Ce3+ percentages than the 

commercial slurry, further increasing the anticipated MRR of the model slurries. Figure 4.2 

shows the performance comparison between the commercial slurry and four formulations of 

model slurry, each with increasing peroxide content. Even without peroxide, the model slurry’s 

MRR was double that of the commercial slurry, and was further increased by adding peroxide, as 

demonstrated in figure 4.2a. The model slurry with the highest Ce3+%, corresponding to 

0.5 wt.% H2O2, polished 5.5 times faster than the commercial slurry, which cannot be explained 

by the slightly larger particle size alone. The MRR for the model slurries follows the change in 

Ce3+% as a function of oxidizing agent concentration as reported in the previous chapter. This 

result supports Cook’s tooth-comb model, where increasing Ce3+ sites will increase MRR [57].  

 

 

 



83 
 

  

Figure 4.2. Effect of H2O2 concentration on the a) MRR of ceria slurries and the b) post-polish 

oxide surface (RZ and RRMS). The trends in MRR and roughness for the model slurries closely 

match the trends for Ce3+% presented in chapter 3.  

 

Most of the slurries improved the coupon’s surface finish (fig. 4.2b). In this figure, the dashed 

black line represents the RZ before polishing, while the purple bars are the RZ after polishing. 

Similarly, the dashed red line shows the RRMS before polishing and the orange bars show the 

RRMS after polishing. The slurry with no peroxide was the worst performer; not only did it result 

in significantly higher long-range roughness than the commercial slurry, it was also the only 

slurry that worsened the roughness relative to the unpolished case. The addition of 0.5% H2O2 

showed the best results, while higher concentrations of peroxide resulted in surface roughnesses 

comparable to those achieved by the commercial slurry.  

 

Surprisingly, the slurry with the highest MRR also has the lowest RZ and RRMS, which runs 

contrary to the conventional relationship expected based on particle size [123]. Since these 

results occur despite using a larger particle size than the commercial slurry, chemical removal 
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must be the main driving force behind roughness improvements and further investigation into the 

chemical removal mechanism is required.  

 

Chemical removal occurs through condensation followed by ripping the condensed silicate off of 

the wafer surface. Since cerium and silicon have similar oxygen bond strengths, the number of 

bonds remaining between this silicate and the wafer surface is crucial in determining whether a 

condensed silicate remains attached to the wafer surface or the particle surface (and thus is 

removed). Specifically, silicate removal increases as the number of bonds to the wafer surface 

decreases. Such a situation may occur if, for example, there is a scratch or other asperity on the 

oxide surface. The edges of this feature will have fewer surface bonds, making the silicates at 

those asperities more vulnerable to chemical removal by the ceria. In this way chemical removal 

with ceria selectively polishes asperities, thereby reducing roughness.  

 

2. Effect of pH 

The pH of the slurry will affect both the chemical and mechanical MRRs. Since the chemical 

removal of thermal oxide with ceria occurs through condensation reactions, these MRRs are 

greatest when one material is charged and the other is at its isoelectric point [84]. For the 

materials in this system the isoelectric point values are 2-3 [56] (thermal oxide) or 8 [102] 

(ceria), suggesting maximal removal will occur at these two points. If the polishing is performed 

at pH 2-3, the mechanical removal will be hampered because it relies on hydrolysis of the 

thermal oxide. The ability of thermal oxide to hydrolyze is a function of pH, and does not 

become appreciable until the pH is greater than 7 [56]. The hydrolysis rate at the isoelectric point 

of the thermal oxide will therefore be low and non-uniform, and subsequent mechanical removal 
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will be similarly non-uniform, resulting in poor surface quality. Therefore, the isoelectric point 

of ceria, pH 8, should be the target for this polishing system. The commercial slurry, for 

comparison, had a pH of 7.8.  

 

Figure 4.3 details the impact of pH on the MRR and surface finish of the polished coupons for 

slurries made with 68 nm particles. Of these model slurries, both low and high pH resulted in 

MRR (~20 nm/min), about 4 times that of the commercial slurry (fig. 4.3a). At pH 6, the MRR is 

low because the pH is both below the threshold for hydrolysis and away from the isoelectric 

point of either material, consistent with the model described above.  

 

 

   

Figure 4.3. Effect of slurry pH on the a) MRR of ceria slurries and the b) post-polish oxide 

surface (RZ and RRMS). MRR and roughness values are strongly affected by pH due to the pH 

dependent nature of ceria’s chemical removal mechanism. The pH 8 slurry gave the best 

combination of MRR and roughness. 

 



86 
 

Figure 4.3b describes the impact of pH on surface roughness. As before, the dashed lines indicate 

the pre-polishing values for the coupon. The pH 4 slurry has very high RZ values, significantly 

worse than the commercial ceria and other model slurries despite having a similar MRR. This RZ 

value is indicative of the significant pitting which occurred on all coupons polished at this pH 

due to low hydrolysis rates (fig. 4.4). This pitting may have artificially increased the MRR values 

reported for this slurry, as that calculation was based on the assumption of uniform removal 

averaged across the full coupon area.  

 

   

Figure 4.4. Optical images of the surface of a thermal oxide coupon post-polish with a) a pH 4 

ceria slurry and b) a pH 8 ceria slurry. The color of a thermal oxide film is a strong indicator of 

film thickness. The color shifts from light blue to dark blue to violet as the thickness decreases 

[124]. The speckled nature of coupon a) demonstrates the pitting present on the film.  

 

The pH 8 slurry has both a lower RZ and, more importantly, a lower RRMS than the pH 10 slurry. 

It can be construed that at pH 8 a slurry results in a much smoother surface for a given particle 

size. The main difference between these two slurries is the type of removal that is maximized at 
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each pH. On the one hand, the hydrolysis of silica increases by a factor of 4 between pH 8 and 

10. This increase in hydrolysis will result in a higher MRR since fewer impacts will be necessary 

for a large silicate to form and be removed by the turbulent motion of the slurry. On the other 

hand, the chemical removal is affected by two factors: the previously discussed condensation 

reactions and hydrolysis, and the zeta potential of the two materials. As the pH increases from 8 

to 10 the zeta potential of ceria doubles [125]. With the silica surface already having a negative 

potential, both materials strongly repel each other at these pH levels, resulting in much lower 

chemical removal. Thus, the pH 10 slurry, despite having an overall MRR similar to pH 8, does 

not have sufficient chemical removal to counteract asperities that may be formed through 

mechanical removal. The pH 8 slurry, by contrast, having high chemical removal which 

selectively attacks the vulnerable silicates at the edge of asperities, as described in the previous 

section, results in significantly better surface quality, locally and globally. 

 

3. Effect of particle size 

Traditionally, roughness has been improved by moving to smaller particle sizes at the expense of 

MRR [11], [76], [77]. The roughness improvements demonstrated earlier in this chapter 

indicated that I may be able to forgo these MRR losses while obtaining comparable roughness 

results. To test this, our standard slurry containing 68 nm ceria particles was compared to slurries 

made with 20 nm and 5 nm particles. All three slurries were adjusted to pH 8 using the 

concentration of peroxide needed to reach their maximum Ce3+% [9].  

 

Figure 4.5a shows a decrease in MRR with decreasing particle size as expected, although all of 

them were comparable or better than the 50 nm commercial slurry. This emphasizes the 



88 
 

importance of maximizing Ce3+%. In particular, a particle that is 1/10th the size of the 

commercial slurry, which should have a commensurately decreased mechanical removal 

component, can have a comparable total MRR due to the enhanced chemical effect enabled by a 

maximized Ce3+%.  

 

     

Figure 4.5. Effect of abrasive size on the a) MRR of ceria slurries and the b) post-polish oxide 

surface (RZ and RRMS). By maximizing the chemical and mechanical polishing with ceria, the 

slurry with 68 nm particles has higher MRR and equivalent roughness to slurries made with 

smaller ceria particles. 

 

By the same token, while one would expect a larger particle size to achieve a higher MRR at the 

expense of surface roughness, Figure 4.5b illustrates that the RZ and RRMS for all three particle 

sizes are within error of each other, and better than the commercial slurry, due to the chemical 

removal enabled by maximizing the Ce3+% on the surface of the particles. 
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4. Effect of Surfactants 

Surfactants often result in a decrease in MRR, but can increase the shelf life of the slurry either 

by ensuring particles stay dispersed in the solvent or by restricting agglomeration once 

flocculation occurs to promote redispersability. Based on the results from chapter 3, it was 

hypothesized that the linear surfactants, which caused a greater drop in Ce3+% than the 

micellular surfactants, would have the same relative effect on the MRR and roughness. The 

surfactants tested included CTAB as a micellular type and PVP as a linear type.  

 

Surprisingly, the polishing experiments determined that the surfactant influence was the opposite 

of what was expected from the response of Ce3+% to surfactants in the previous chapter 

(fig. 4.6). The micellular surfactant reduced the material removal of our best slurry to that of the 

commercial one, corresponding to an 80% decrease in material MRR.  
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Figure 4.6. Effect of surfactant on the a) MRR of ceria slurries and the b) post-polish oxide 

surface (RZ and RRMS). The micellular surfactant dramatically decreased MRR and increased the 

roughness of the oxide. These effects were much less pronounced when a linear surfactant was 

used. 

 

At the same time, the roughness values approached double that of the commercial slurry, 

corresponding to a surface roughness twice that of an unpolished wafer. In contrast, the linear 

surfactant only decreased material removal by 30%, and had the same effect on roughness as the 

commercial slurry. 

 

To explain this contradiction with our Ce3+% data, both the mechanism for surfactant binding 

and chemical removal must be evaluated. As discussed in chapter 3, CTAB forms micelles and 

can only bind to the surface of a ceria particle with a limited number of head groups (fig. 4.7a). 

This leaves many exposed Ce3+ sites for further chemical binding. On the other hand, PVP can 

bind multiple times along the length of polymer as it wraps itself around the ceria particle, 

leaving fewer exposed Ce3+ sites (fig. 4.7b). 
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Figure 4.7. Conceptual depiction of ceria particles (blue) covered in a) micellular or b) linear 

surfactants (orange). The size of the micellular surfactants adhered to the ceria surface prevent 

condensation reactions from occurring. The difference in size between the ceria particles and the 

surfactant (micelle or mono-layer) is drawn to scale. 

 

While initially this would suggest higher chemical removal could be expected with CTAB, the 

mechanism for chemical removal requires that the Ce3+ site must be close enough to the oxide 

surface to undergo a condensation reaction. The physical size of the micelle sterically hinders 

this reaction from taking place, limiting the removal mechanism of slurries to the purely 

mechanical process, albeit with a particle of larger effective size than the initial 68 nm ceria 

particle. Assuming a single layer of micelles, the size of the particle will increase by ~11.7 nm 

for slurries with CTAB [126]. When coated in PVP the particle size will increase by 0.1-0.4 nm 

depending on orientation and bond lengths. During polishing, this surfactant coating will be 

compressed or sheared from the particle or wafer surface but quickly reforms after the particle 

leaves [127]. With this consideration taken into account, the results of low material removal and 

high roughness for slurries with micellular surfactants is equivalent to polishing with a silica 

slurry of ~80 nm, which has no chemical removal and only mechanical effects. Repeating this 

polishing experiment with a mix of silica particles of 30 and 80 nm to simulate purely 
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mechanical removal does in fact give results that are similar to the micellular surfactant slurry 

(fig. 4.8). The smaller particles in the mixture have little effect on material removal and are 

instead added to improve roughness. As such the material removal can be reasonably attributed 

to the 80 nm particles in both the silica slurry and the micellular surfactant ceria slurry. 

 

  

Figure 4.8. Comparison between the MRR of 68 nm ceria with 5 nm micellular surfactants to 80 

nm silica. Without the ability to form condensation bonds with the oxide surface, the slurry can 

only remove material through mechanical means. 

 

5. Selectivity measurements 

Since the selective removal of oxides over nitrides is an important desired advantage of ceria 

slurries, additional experiments were conducted to ensure that previous improvements in MRR 

were not obtained at the expense of selectivity. For these tests, SiN wafers were polished using 

the commercial slurry and the model slurry with the best mix of MRR and roughness properties 

(1.0 wt.% 68 nm ceria, 0.5 wt.% H2O2, pH 8).  
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The chemical removal of nitrides by ceria is a two-step process. Repeated abrasive impacts on 

the nitride surface along with incorporation of H2O eventually results in hydrolysis of the nitride 

and the formation of a sub-oxide layer on the surface. This layer will be subsequently removed 

chemically by the same mechanism as the oxide (equation 1.3 and 1.4) [112], [128]. Since 

hydrolysis is the limiting step, increasing the chemical MRR would cause an increase in the 

nitride MRR, but not to the same extent as the increase in oxide MRR. This outcome was 

confirmed in figure 4.9, where the nitride was polished 2.25x faster with the model slurry but the 

oxide was polished 5.5x faster. This results in an increase in the oxide to nitride selectivity of the 

polishing from nearly 1:1 with the commercial slurry to 3:1 with the model slurry. Thus, the 

improvements to silica polishing in both rate and roughness can be achieved without sacrificing, 

but indeed enhancing, selectivity.  

 

  

Figure 4.9. Effect of slurry improvements on the selectivity of oxide to nitride MRR. Since 

hydrolysis is the limiting step in nitride polishing, improving ceria’s chemical removal has a 

much lower effect on nitride removal than oxide removal, increasing the selectivity of the slurry. 
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D. Conclusions 

The knowledge obtained regarding the mechanism for altering the Ce3+% on the ceria surface 

was successfully used to create slurries with higher MRR and better nitride selectivity than 

slurries that are currently being used in industry [129]. The MRR increases obtained through 

peroxide additions confirm that the concentration of Ce3+ on the ceria surface is a key factor for 

increasing MRR. An unexpected consequence of maximizing this chemical removal is that 

roughness was also improved, allowing us to use larger particles than would traditionally be 

desirable and increasing the mechanical removal without sacrificing surface finish.  
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V. Improved Ceria Slurry for Metal Polishing 

A. Introduction 

While STI and ILD CMP discussed in the preceding chapter had different integration challenges, 

the oxide that was being polished was similar. In contrast, metal CMP refers to the polishing of a 

variety of materials each with unique challenges for both slurry design and polishing 

performance. The most common metals polished in semiconductor CMP are tungsten in the 

contacts between the FEOL and BEOL and copper lines in the BEOL, with their associated 

barrier/liner materials [50]. These are typically nitride barriers to prevent diffusion of metal into 

the dielectric and thin metal liners to promote adhesion of the bulk metal to the diffusion barrier. 

Tungsten uses a barrier/liner of titanium (TiN/Ti), while copper uses tantalum (TaN/Ta). Thus, 

‘metal CMP’ includes not only the initial and final polishing steps discussed for oxide CMP, but 

an additional step for liner CMP. In more recent years both cobalt and ruthenium have been 

researched for use in the BEOL. These metals again provide their own unique challenges for 

CMP. Both metals are possible replacements for the Ta liners or copper seed layers needed for 

electrochemical deposition (ECD) of copper as well as for a complete replacement for copper fill  

at the smallest lines [130]–[133]. Metal CMP challenges arise because each metal has its own 

polishing characteristics due to its unique hardness, oxidizability, reactivity and hydrolysis rate. 

To account for these differences, each slurry is designed with chemicals and pH values which 

target the metal of interest. While most of the complications during metal CMP (WIWNU, 

scratches, planarity) were discussed in the preceding chapter, new problems arise due to the 

additional chemicals necessary for oxidation and removal of these materials, as well as the need 

to polish patterned structures having multiple materials exposed to the polishing media at the 

same time. These two issues are discussed next in more detail [51], [109].  
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In metal CMP, the chemicals added to a slurry are necessary to achieve high MRRs. This 

reliance on chemistry can be detrimental to the final surface roughness because of the 

polycrystalline nature of the metals, which was not an issue for the isotropic, amorphous oxide 

discussed previously. In particular, the chemical MRR of a crystalline material is determined by 

the grain orientation of the surface. The surface of a single metal line is made up of many grains 

along its length. The lower the surface energy of the grain, the more resistant it is to chemical 

removal. In the case of copper, a (111) surface will be removed at a lower rate than other 

surfaces [134], [135]. When a scratch is made on a metal surface, this problem is compounded as 

crystal planes are exposed at the edges and along the faces of the scratch. These facets undergo 

preferential chemical attack, causing local MRRs to be higher than at other points along the grain 

surface. Thus, the chemicals necessary to achieve high MRRs result in orientation-dependent 

removal which can be detrimental to the final surface roughness. This further incentivizes the 

creation of slurries with low scratch formation, to avoid such a complication.  

 

The exposure of multiple materials is again an issue not seen in the CMP of blanket oxide. 

However, in the BEOL manufacturing step, the oxide is patterned, and the barrier/liner 

completely coats the wafer surface (as conformally as possible) after its deposition. The 

remaining recesses are filled with metal, usually with a significant overburden (excess) beyond 

the bare minimum fill (fig. 5.1b). To electrically isolate these wires, the overburden is removed 

through metal CMP down to the tops of the wires/vias. Once the final polish nears its end point, 

the liner will be exposed at the spaces between the wires, on top of the interlayer dielectric 

(fig. 5.1c).  
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Figure 5.1. Schematic representation of a metal CMP process. After a) lines are etched into the 

dielectric (blue), a barrier/liner (grey) conformally coats the surface followed by a metal fill 

(orange) with significant overburden b). This overburden is polished with a slurry formulated for 

metal polishing until the barrier/liner is exposed as show in c). At this point, d) a slurry for 

barrier polish is used to remove the barrier/liner in the spaces between the wires. This barrier 

polish often results in some loss of thickness in both the metal and oxide. 

 

The final polish must immediately stop at this point to prevent dishing in the lines or contacts. 

This dishing can be more pronounced than in oxide CMP due to the targeted removal of metal by 

the chemical additives in the slurry and the lower polishing rate of the (hard) nitride-based liner 

material. This necessitates the switch to a barrier polish slurry that will remove both the barrier 

and liner at the same rate as the metal (fig. 5.1d). In addition, as the contact points between these 

different metals are exposed, galvanic corrosion due to the chemicals in the slurry may occur 

[51]. This corrosion is most notable when cobalt is used as a seed layer for copper deposition. 

The cobalt between the tantalum liner and the copper line will be etched away preferentially 

resulting in a convex line surface with a protrusion of the barrier/liner on either side. In more 
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extreme cases, the cobalt can be fully corroded in spots giving the appearance of a copper line 

that is floating inside its trench (fig. 5.2). To combat these problems, barrier polish has less of a 

focus on chemical removal than the other steps in metal CMP. 

 

 

Figure 5.2. a) SEM image of a copper wire that has undergone galvanic corrosion with STEM b) 

and EELS c) images of the interface. SEM images d) of a copper wire where the cobalt liner has 

been completely corroded, leaving copper ‘floating’ in the trench [136]. 

 

In semiconductor manufacturing, basic initial and final metal polishing occurs through a two-

step process. In the first step, chemicals will react with the metal surface to convert it to a metal 

oxide. Oxides typically are less mechanically and chemically stable than their zero-valent forms. 
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After this conversion, material will be removed mechanically by slurry abrasives (typically 

silica) as the second step.  

 

Some metals, most notable copper, require additional chemicals to achieve high MRRs. The 

addition of these chemicals expands the removal mechanism to a four-step process (fig. 5.3) 

[51]. Steps one and two (fig. 5.3a and b) are identical to other metals, but the removal is 

primarily chemical. This is a result of the high reactivity between copper oxide and complexing 

agents such as glycine, and an increase in hardness as copper oxidizes decreasing the mechanical 

MRR [137]. This chemical removal proceeds rapidly in an uncontrollable manner once an oxide 

surface is formed. Consequently, inhibiting agents are added to create a passivated surface on the 

metal to slow and control chemical removal (fig 5.3c). This passivated surface is chemically 

strong but mechanically weak and can be removed by the abrasive to expose the bare metal for 

further oxidation (fig. 5.3d) [138]. This cycle of oxidation, chemical removal, passivation, 

mechanical removal repeats until polishing is completed. 
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Figure 5.3. Schematic of metal CMP cycle. The metal surface is oxidized a) to ease chemical 

removal b). To slow the rate of chemical removal an inhibitor creates a passive surface c) that 

can only be removed by mechanical abrasion d) to return the surface to its initial state. Many 

metals only require steps a and b during polishing. 

 

The most common oxidizing agent used in metal CMP is H2O2 [139]. This suggests an easy 

compatibility with the ceria slurries created in part 1, where H2O2 was shown to improve the 

ability of ceria slurries to chemically abrade silica surfaces. Since the H2O2 in our improved ceria 

slurries would form a metal oxide surface to react with, we believed these slurries will 

chemically polish metals through the same tooth-comb model as silica. This offered an 

opportunity to extend the tooth-comb model for polishing silica to the more general polishing of 

an oxide with a cation center. For metals to be removed in this manner, three parameters must be 

taken into account: the metal-oxygen bond strength, the metal oxide isoelectric point, and the 

extent of hydrolysis of the metal oxide. The first is an intrinsic property of the metal and could 

be used as a first pass to rule out metal oxides that would not be polished through this 

mechanism. The latter two parameters can be used to determine the best slurry pH for chemical 

and mechanical removal.  
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To explore this possibility, three metals of interest to the semiconductor industry were tested: 

copper, tungsten and ruthenium. Copper is the material of choice for metal lines and vias; 

tungsten is used as the connection between the transistors (FEOL) and the metal lines (BEOL); 

and ruthenium is used as a barrier material as well as being a promising future replacement for 

copper in the smallest metal lines. All three metals satisfy the criteria of (1) lower oxygen bond 

strength than cerium, (2) an isoelectric point that differs from that of ceria, and (3) effective 

hydrolysis near one of the isoelectric points in the system (Table 5.1).  

 

Table 5.1 Parameters for effective polishing through the tooth-comb mechanism 

Material Oxygen Bond Strength 

(eV/bond) [58] 

Isoelectric Point (pH) High Rate of 

Hydrolysis (pH) 

Ceria 8.24 8 [102] - 

Copper 3.56 9.5 [140] 7-8.5 [141] 

Tungsten 6.13-6.67 2 [142] <2 [143] 

Ruthenium 4.99 4.2-5.3 [144] >7 [145] 

 

Based on the values from the table, the best pH values for the three polishing slurries are 8, 2 and 

8 respectively. Aside from these parameters, there may be metal-specific considerations to their 

slurry design. For example, the addition of complexing agents and inhibitors to copper polishing 

slurries could have an effect on the Ce3+% of the ceria particles. However, the additional 

chemical removal afforded by the complexing agent might be able to outweigh the loss in 

chemical removal from decreasing Ce3+%. The main consequence of this change would be an 

increase in the post-polish surface roughness, as the removal by complexing agent is not 
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localized to a particle surface. These chemicals will exacerbate asperities as described earlier as 

well as preferentially remove small grains and those without (111) orientation. The additional 

complexing agents are not used in slurries for polishing tungsten and ruthenium, which only 

contain abrasives and oxidizing agents. This simplifies the transition from silica to ceria 

abrasives for polishing these two metals. Lastly, in the case of ruthenium there is one other 

consideration, which is the potential to form the toxic gas RuO4 in acidic pH [146]; however, the 

slurry design factors cited above are already avoiding this regime.  

 

The final consideration for slurry design is differences between the two abrasive materials 

themselves. The lack of chemical removal by silica particles was discussed previously. Other key 

factors are the dispersibility of the particles and their cost. While ceria particles can rapidly settle 

out of solution, silica particles are easily dispersed for long periods of time [107]. Besides 

reducing need for surfactants, the higher dispersibility of silica particles also results in a higher 

allowable abrasive concentration in a silica slurry than in a ceria slurry. The second point, the 

price of the abrasive, is important from a business perspective because the abrasives make up the 

largest component of slurry cost. While cerium is not a particularly scarce material, silicon is the 

second most abundant element on Earth after oxygen (66 [1]vs 282,000 ppm [147]). As such, 

colloidal silica particles cost roughly 0.07 $/g while ceria particles of comparable size can cost 

between 0.14-0.70 $/g (calculations based upon commercial slurry prices at time of writing). 

This price differential would have a noticeable impact on evaluating the viability of ceria slurry 

despite any improved performance it may exhibit. 
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These last two points suggest that the assessment of a ceria slurry as a replacement for silica 

slurry in metal CMP should be determined on a per-cost basis rather than, say, comparing 

slurries with the same abrasive loading by weight fraction. Since ceria costs up to 10x what silica 

costs, that same-price comparison means the model ceria slurries should be compared with silica 

slurries that contain ten times greater abrasive concentration. As with part 3, the metrics for 

polish quality included MRR, long-range surface roughness (RZ) and short-range surface 

roughness (RRMS). The MRR was measured through the mass lost during polishing and converted 

to Å/min using the area of the coupon polished A (cm2) , the density of the metal ρ (g/cm3), the 

difference in mass before and after polishing Δm (g), and the polishing time t (min) through the 

following equation. 

 

𝑀𝑅𝑅 =
∆

∙ 10                                             Equation 5.1 
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B. Materials and Methods 

1. Materials 

Table 5.2 Chemicals used during metal polishing experiments 

Chemical name Manufacturer 

68 nm ceria powder  

 

 

 

 

Sigma-Aldrich, St. Louis, MO 

Hydrogen peroxide (H2O2) 

Potassium hydroxide (KOH) 

Nitric acid (HNO3) 

Glycine 

Benzotriazole (BTA) 

200 nm ruthenium on silicon      

(ρ=12.45 g/cm3) 

Tokyo Electron (TEL) 

Tungsten foil (99.97% W,            

ρ=19.25 g/cm3) 

Plansee Reutte, Austria 

Copper foil (110 Alloy, 99.9% Cu, 

ρ=8.94 g/cm3) 

McMaster-Carr Elmhurst, IL 

Crystalbond™ adhesive 821-3 Ted Pella Inc, Redding, CA 

ChemPol™ non-woven polishing pad Allied High Tech, Rancho 

Dominguez, CA 30 nm & 70 nm colloidal silica 

dispersion (25 wt.% silica) 
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2. Procedures 

Ceria slurries were prepared by mixing 0.254 g (1.0 wt.%) ceria abrasives, 0.381 cm3 of 30 wt.% 

H2O2 (0.5 wt.%) and 20 cm3 DI H2O, after which the volume was adjusted with DI H2O to reach 

a final volume of 25 cm3. Additional chemicals in the form of Glycine and BTA were added at a 

concentration of 0.01 M in the case of copper polishing. The pH of the slurry was subsequently 

adjusted to pH 8 for ruthenium and copper with 0.1 M KOH and pH 2 for tungsten with 0.1 M 

HNO3. Following this the slurry was placed in a sonication bath for 1 min to ensure proper 

dispersion of the ceria abrasives. Silica slurries were prepared by dilution of the 25 wt.% 

dispersion to the desired concentration followed by pH adjustments as well as the addition of 

BTA and glycine and/or H2O2 to model commercial slurries for each metal. 

 

Ruthenium thin film samples for polishing were prepared from a 300 mm wafer by cleaving into 

coupons with an area of 2.25 cm2. Copper and tungsten foil samples were prepared by cutting 

squares with the same area. The samples were subsequently attached to a parallel polishing 

fixture with Crystalbond™ at 180°C, after which they were cooled to room temperature. After 

cooling, the head was attached to a Multiprep benchtop polisher (Allied High Tech, Rancho 

Dominguez, CA) modified with a slurry retention system. The sample was subsequently polished 

for 1 min with a downforce of 20 kPa/2.9 psi and rotation speeds of 40 rpm clockwise (platen), 

20 rpm counter-clockwise (head) and 8 rpm (oscillation).  

 

After polishing, the coupon was reheated to 180°C to remove it from the polishing head and 

underwent a two-step post-polish clean. The first step was an acetone wash to remove residual 

Crystalbond™ from the back of the coupon. The second step was performed using a cleaning 
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solution unique to each metal to remove any ceria abrasives that remained chemically bound to 

the surface. Tungsten cleaning used the same H2O2/KOH with a 2:3 ratio solution as was used 

for cleaning silica [60]. Ruthenium cleaning was performed with a solution of 0.2 M Citrate at 

pH 9 [148] and copper cleaning was performed with a 3 wt.% HNO3/ 5 mM BTA solution [141]. 

Following cleaning, the final mass (MMR) of the coupons was measured along with the short 

(RRMS) and long (RZ) range roughness. 

 

C. Results and discussion 

1. Ruthenium polishing 

To polish the ruthenium, the best performing ceria slurry from Chapter 4 and a standard silica 

slurry were first compared at equal abrasive concentration of 1.0 wt.%. While our ceria slurry at 

this concentration contains 0.5 wt.% H2O2, a silica slurry for ruthenium polishing contains 

3.0 wt.% H2O2 [44]. The abrasives in these slurries are either 68 nm for ceria or a mix of 80 and 

30 nm for silica (fig. 5.4).  
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Figure 5.4. SEM images of a) 68 nm ceria particles and b) a mix of 80 nm and 30 nm silica 

particles. The mixture of two particle sizes is used to obtain high MRR with the large particles 

while eliminating asperities with the small particles. 

 

Though an equal concentration comparison results in slurries with very different cost, it does 

give insight into the magnitude of enhancement in the chemical removal provided by ceria 

particles (fig. 5.5).  
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Figure 5.5. Performance comparison polishing ruthenium films with silica and ceria slurries 

having equal abrasive content by weight. a) MRR and b) roughness (RZ and RRMS) show the 

additional chemical removal provided by the ceria results in improvements of at least 2x in each 

metric measured. 

 

The additional chemical removal resulted in an increase in the MRR for ceria slurries by a factor 

of three (fig. 5.5a). This supports the hypothesis that ceria can polish metals as long as they have 

been oxidized. The improved MRR was expected due to ceria’s polishing action being both 

mechanical and chemical in nature, instead of the pure mechanical removal that occurs with a 

silica slurry.  

 

While polishing with a silica slurry did improve the roughness relative to the unpolished Ru, the 

ceria slurry reduced the roughness even further (fig 5.5b). In this figure, the dashed black line 

represents the RZ before polishing, while the purple bars are the RZ after polishing. Similarly, the 

dashed red line shows the RRMS before polishing and the orange bars are the RZ after polishing. 

The ceria improved the surface finish of the ruthenium (fig. 5.5b) by 2x and 3x for RZ and RRMS 
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respectively. These roughness improvements also coincide with a decrease in the H2O2 content 

by 6x when switching from silica to ceria slurries.  

 

As mentioned previously, the 2-3x improvements in polishing metrics at equal abrasive 

concentration do not balance the 10x increase in cost. As such, a gram-for-gram (equal wt.%) 

comparison is not as compelling as a cost-for-cost comparison. Therefore, ceria slurries with 

lower abrasive concentration were created to account for the impact of cost on slurry adoption. 

Before polishing with these new slurries, XPS experiments were performed to determine if the 

effect of H2O2 wt.% on Ce3+% was linear (fig. 5.6) to ensure that the dilution did not 

inadvertently impact the polishing efficiency of the ceria nanoparticles. 

 

 

Figure 5.6. Effect of H2O2 on Ce3+% at different ceria concentrations. The maximum Ce3+% 

decreased with decreasing abrasive concentration. The relation between H2O2 wt.% for 

maximum Ce3+% and ceria concentration is linear. Lines included as guides for the eye only. 
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The concentration of H2O2 necessary for maximum Ce3+% at 1.0 wt.% ceria is 0.5 wt.% or a 

ratio of 2:1 ceria to H2O2. This ratio to maximize Ce3+% was maintained when the particle 

concentration was lowered to both 0.5 wt.% and 0.1 wt.%. The H2O2 concentrations used to 

create these slurries were therefore set to 0.25 wt.% and 0.05 wt.% respectively. At the same 

time, the maximum Ce3+% decreased as ceria concentration decreased. There are two possible 

explanations for this change. First, as the “peak width” for maximum Ce3+% narrows, the impact 

of small discrepancies in the H2O2 wt.% during pipetting, such as rounding errors while using a 

micropipette with 5 μL graduations, will be more noticeable. Secondly, as the concentration of 

both ceria and H2O2 decreases, the frequency of collisions between them, and subsequently the 

rate of reaction, will decrease. This decrease in kinetics would shift the equilibrium between Ce4+ 

and Ce3+ towards the former leading to less conversion and lower Ce3+%. 

 

With the slurry design completed, experiments were carried out to compare polishing outcomes 

of three different concentrations of ceria (1, 0.5 and 0.1 wt.%) to that of the previous 1.0 wt.% 

silica slurry (fig. 5.7). 
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Figure 5.7. Performance comparison polishing ruthenium films with 1.0 wt.% silica or ceria 

slurries having decreasing abrasive content. All ceria slurries achieved at least 2x the MRR, 

shown in (a) and roughness improvements shown in (b), over the silica slurry. 

 

As before, the 1.0 wt.% ceria significantly out-performed the comparable silica. Even more 

encouraging, however, was the ceria slurry with reduced particle concentration to compensate for 

the price differential between powders (10:1). This ceria slurry of comparable abrasive cost still 

provided MRR and roughness improvements that were 2x that of silica. This 

reduced-concentration ceria slurry (0.1 wt.%), was then used as a benchmark to push the 

comparison further by modifying the silica slurry. In particular, the abrasive concentration of the 

silica slurry was now increased to determine how much was necessary to achieve the same MRR 

as that of the reduced-concentration (0.1 wt.%) ceria slurry (fig. 5.8).  

 



112 
 

     

Figure 5.8. Performance comparison polishing ruthenium films using the reduced-concentration 

(0.1 wt.%) ceria benchmark slurry or increasing concentration of silica abrasives, including a) 

MRR and b) roughness. Only the highest silica concentration, 15x the reference abrasive cost, 

obtained MRR or roughness values that approached those of the 0.1 wt.% ceria.  

 

To achieve a similar MRR as the 0.1 wt.% ceria, at least 15 wt.% silica was needed. 

Additionally, the ceria is still the best-performing of the slurries by post-polish roughness, 

although the impact is less dramatic than in previous comparisons because of the significantly 

lower ceria concentration in this slurry than in the previous experiments. The RZ values for the 

silica slurry seem insensitive to concentration, with all silica slurries performing worse than the 

ceria. The cost-equivalent silica slurry (1.0 wt.%) had significantly worse RRMS than the ceria 

slurry; when the concentration of silica was increased, the RRMS values became equal between 

silica and ceria. This suggests that the increase in small particle concentration begins to 

overcome the asperities formed through mechanical removal with large particles, leading to an 

improved RRMS. On the other hand, the lower MRR of these particles cannot overcome long 
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range non-uniformities in polishing, leaving RZ unaffected by the increase in silica 

concentration.  

 

Although the 15 wt.% silica achieved similar MRR and roughness as the 0.1 wt.% ceria, this 

formulation of the silica slurry would cost at least 15x that of the ceria slurry. This value 

comparison is simply based on the cost of the abrasive particle; it is expected the true cost of the 

ceria slurry would be even more economical, as these effects are achieved with 1/60th the 

concentration of H2O2 required for the equivalently performing silica slurry. This lower H2O2 

concentration also means that the ceria slurry is much more environmentally friendly than the 

silica slurry. Based on these differences, it can be concluded that the ceria slurry outperforms 

silica slurries in MRR, roughness, cost, and environmental impact when polishing ruthenium. 

 

2. Tungsten polishing 

Tungsten polishing occurs through the same mechanism as ruthenium, with a relatively simple 

slurry containing some particular concentration of abrasive and 3.0 wt.% H2O2 [149]. The main 

difference from the other slurries discussed so far is that slurries for tungsten polishing must be 

acidic to properly hydrolyze the metal. This hydrolysis is strongly affected by pH, with the rate 

increasing dramatically with decreasing pH and only achieving significant removal at a pH≤2 

(fig. 5.9). 
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Figure 5.9. Tungsten MRR using 1.0 wt.% ceria slurry at three different pH values: a) 4, b) 2 and 

c) 1.8. As the pH approaches 2 removal begins to occur and the rate accelerates as the pH is 

decreased further. 

 

With a pH of 4, the mass removed within the 1 min polishing time was undetectable within the 

error of the microbalance. This polishing experiment was repeated for 1 hr and a MRR of 

~4 Å/min was obtained. Based on this value, while decreasing from pH 2 to 1.8 increases the 

MRR by a factor of 2, decreasing the pH from 4 to 1.8 results in a 300x increase in the MRR. 

While the pH is above 2, no hydrolysis can occur and the abrasive particles are polishing 

tungsten oxide through solely mechanical removal. In this situation the relative hardnesses 

(table 5.3) of the particulate and the metal oxide must be considered to understand the MRR 

results. Because ceria is similar in hardness to tungsten oxide, it is difficult for ceria 

nanoparticles to mechanically abrade the surface. In this situation it would be much more cost 

effective to switch to a harder abrasive such as silica or alumina.  

pH 4 pH 2 pH 1.8
0

200

400

600

800

1000

1200

1400
M

R
R

 (
Å

/m
in

)

Slurry pH



115 
 

Table 5.3 Hardness of different metal CMP materials using the common Mohs scale along with 

approximate Vickers scale values. 

Material Mohs hardness Vickers hardness (kg/mm2) 

Ceria 6 817 [150] 

Silica 7 1161 [151] 

Alumina 9 1800 [137] 

Tungsten oxide 5.7 726 [152] 

 

However, once the pH is lowered enough for hydrolysis to occur, the incorporation of water into 

the metal oxide lattice both lowers the hardness and more importantly, breaks the subsurface 

bonds that were preventing chemical removal by ceria. With the addition of chemical removal, 

ceria can now challenge the MRRs obtained with the harder silica particles while achieving 

roughness improvements (fig. 5.10) similar to those that were seen in the polishing of ruthenium.  
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Figure 5.10. Effect of abrasive concentrations on tungsten MRR at pH 1.8. Pairs of bars 

represent ceria and silica concentrations of equal cost (low, medium and high abrasive 

concentrations shown). Silica is more effective at low concentrations but becomes less effective 

relative to ceria as the abrasive concentration increases. 

 

At low abrasive concentrations, the mechanical removal by silica is able to greatly outpace the 

combined chemical and mechanical removal by ceria. As the concentration of the abrasive 

increases, the number of impacts with the oxide surface increases, leading to greater mechanical 

removal. Additionally, this greater mechanical removal has a synergistic effect on the chemical 

removal. Greater mechanical removal leads to more asperities. These asperities create surfaces 

with fewer surface bonds that are more easily removed chemically. Due to this increased rate of 

both mechanical and chemical removal, ceria slurries exhibit a more dramatic increase in MRR 

with abrasive concentration than the silica slurries do. At the middle concentration, the MRRs for 

both slurries become equal, while at the highest concentration ceria gives double the MRR of 

silica. At this concentration, the chemical MRR of ceria is great enough to offset the higher 

mechanical MRR of silica. 
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Unlike the concentration-dependent MRR results, the roughness of tungsten post-polish is 

always better with ceria than silica, at all three concentration levels (fig. 5.11). 

 

  

Figure 5.11. Roughness of a tungsten foil after being polished by a) ceria or b) silica abrasives. 

Roughness generally decreases as abrasive concentration increases. Ceria abrasives produce 

smoother surfaces at all concentration levels. 

 

Similar to the case of ruthenium polishing, the added chemical removal provided by ceria 

abrasives results in a lower roughness than with silica particles and their purely mechanical 

removal. Additionally, the increased rate of chemical removal at higher abrasive concentrations 

increases the gap in RRMS between silica and ceria from a 25% improvement to 60%. Unlike the 

case of ruthenium polishing, however, tungsten polishing with the ceria slurry is only preferable 

to silica slurry at mid to high concentrations of abrasive. As a result, the H2O2 concentration for a 

better performing ceria slurry would only be 1/12th the concentration of the equal abrasive cost 
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silica slurry. This is a decrease in the H2O2 cost improvements by a factor of 5 when switching 

abrasive material. 

 

3. Copper polishing 

The final metal that was polished, copper, uses a more complicated slurry. This slurry contains a 

complexing agent, glycine, and an inhibitor, BTA. While copper oxide is harder than copper 

metal, 160 vs 40 kg/mm2 respectively [137], the rate of mechanical removal of metallic copper is 

low. The addition of these chemicals creates a copper oxide surface that is mechanically strong 

but chemically reactive. Though the mechanical polishing is suppressed, the chemical polishing 

introduced achieves high MRR of copper through the 4-step mechanism described schematically 

in figure 5.1. The specific chemistry of this slurry system is described next [51].  

 

When the copper surface is oxidized, two glycine molecules come together at the copper surface 

to remove a copper atom as a complexed ion (fig. 5.12). This reaction is fast and attacks any 

exposed copper oxide surfaces uncontrollably. Clearly this is undesirable from an engineering 

standpoint. 

 

 

Figure 5.12. Complexation of copper oxide with glycine. Depending on the pH of the system, the 

resulting copper complex may have different ionization states. 
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To control the rate of this complexation reaction, BTA is added to form a chemically inert 

passivation layer (fig. 5.13). This passivation layer has a hardness less than that of metallic 

copper. This low-hardness surface is easily polished mechanically by the abrasive to create a 

fresh metallic copper surface to oxidize. 

 

 

Figure 5.13. Passivation of a copper oxide surface with the inhibitor BTA. The film formed 

through these repeated N-Cu bonds is chemically inert but mechanically weak. The fused six and 

five member rings would align themselves parallel to the copper surface. 

 

These additional chemicals create new challenges for slurry design, but also interesting 

possibilities as an additional design variable for tailored performance. To explore this possibility, 

the impact of glycine and BTA on our key performance metrics was studied next.  

 

Glycine was a possible surfactant tested in Chapter 3, although it was tested at a greater 

concentration (0.5 wt.%) than what is typically found in slurries (0.01 M (~0.075 wt.%)) for 

copper polishing. At that high concentration, it was found to decrease Ce3+%. BTA also 

decreases the Ce3+% of the ceria particles. When creating a Cu CMP slurry, the addition of 

glycine and BTA reduced the high Ce3+% we had previously relied on from the optimized 26% 

back to the 12% found in the unimproved slurry (fig. 5.14).  
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Figure 5.14. XPS analysis of slurry containing 1.0 wt.% CeO2 and 0.5 wt.% H2O2 both a) 

without and b) with the addition of 0.01 M BTA and glycine. With the addition of glycine 

surface Ce3+ sites are blocked and the available Ce3+% is reduced from a) 26% to b) 12%, 

equivalent to the Ce3+% found in slurries with no H2O2.  

 

The silica slurry controls used for copper polishing contain silica abrasive along with 1.0 wt.% 

H2O2 and 0.01 M concentrations of both glycine and BTA. This H2O2/glycine/BTA system has 

been used for most of the lifetime of copper in semiconductors and is still the most dominant 

commercial method for Cu CMP [141]. When comparing between ceria and silica with the same 

polishing system (i.e., all other slurry components identical), the MRR with ceria was on average 

1.8x that of silica at each equivalent abrasive cost point (fig. 5.15a). 
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Figure 5.15. Performance comparison of ceria and silica abrasives on the polishing of copper 

using the H2O2/glycine/BTA system.  a) MRR for low, medium and high abrasive 

concentrations, with each pair of bars representing equal abrasive cost. b) Post-polish surface 

roughness (RZ and RRMS) for the highest ceria concentration and cost-equivalent silica 

concentration slurries. Though the MRR was 1.8x greater with ceria than silica, the suppression 

of ceria chemical removal by glycine limited the roughness improvements to equal or less than 

the comparable silica concentration. 

 

The trade-off for this high MRR is, as mentioned previously, a suppression of the chemical 

removal mechanism of the ceria abrasives. With a lower ceria chemical removal, the self-

correcting nature of these large particles with regards to asperities will also be suppressed. This 

results in both long- and short-range roughness values that are equal to or slightly worse than 

those of silica (fig. 5.15b).  

 

Another avenue towards slurry design is to create a cleaner, more cost-effective Cu CMP slurry 

that can achieve high MRRs without the need for glycine. This in turn eliminates the need for 
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BTA, reducing the complexity of a Cu CMP slurry to that of the preceding Ru and W CMP 

slurries. This option was tested next. When glycine and BTA were removed from the system, the 

MRR with ceria was still higher than that of silica, but lower than that obtained with the 

H2O2/Glycine/BTA system by ~20%. This reduced the average MRR improvements when 

switching from silica to ceria from the previous 1.8x to 1.4x (fig 5.16a).  

 

 

     

Figure 5.16. Performance metrics comparison for polishing of copper using only H2O2, without 

glycine and BTA. a) MRR for ceria and silica at low, middle and high concentrations. Each pair 

of bars represent equal abrasive cost. b) Post-polish surface (RZ and RRMS) for the highest ceria 

concentration and cost-equivalent silica concentration slurries. In the absence of glycine, the 

ceria slurry yields a 20% lower MRR, but still out-performs the silica abrasive, while giving 

improvements in short range roughness. 
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Again, unlike the other materials studied in this dissertation, this lower copper polishing rate 

comes with an improvement in post-polish roughness (fig 5.16b). While the RZ was within error 

for all concentrations tested, the RRMS improvements ranged from 40-70% with ceria as the 

concentration of abrasives increased, compared to the flat 50% increase with silica. 

 

These two avenues for developing ceria Cu CMP slurry, i.e., ceria slurry either with or without 

glycine/BTA, offer improvements over the standard silica Cu CMP slurry and the flexibility to 

tailor slurry for different stages of the process within a particular family of chemistries. For 

example, on the smallest lines, low roughness is much more important than high MRR, whereas 

with the large lines some roughness improvements could be sacrificed in exchange for higher 

wafer throughput. While the improvements may not be as dramatic for copper as for the other 

metals, the similar nature of these two slurry chemistries along with the others presented both in 

this and the previous chapter offers an additional advantage if adopted. Namely, the adoption of 

a single slurry family across multiple CMP steps could simplify the post-CMP cleaning of wafers 

by reducing the number of cleaning chemistries needed during the fabrication process. 

 

D. Conclusions 

These improvements to ceria slurry successfully extended the range of materials that can be 

polished by ceria and has led to the filing of a provisional patent [153]. These slurries achieved 

some combination of higher MRR and/or lower post-polish roughness for ruthenium, copper and 

tungsten. The improvements to ruthenium polishing at all price points indicates that ceria slurries 

are a clear replacement for silica slurries with this metal. Tungsten polishing requires sufficient 

abrasive concentration to achieve higher MRR, but produces a better surface finish at all 
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concentrations, indicating its effectiveness as a final polish slurry. Finally, ceria slurry for copper 

polishing when glycine and BTA are not present has a similar MRR to ruthenium and would be a 

suitable replacement for all polishing steps. This is a promising result that would be useful for 

minimizing dishing when polishing copper lines with ruthenium seed layers. If a higher material 

removal rate is necessary, Glycine/BTA can be added for the initial polish and then the ceria 

slurry without these chemicals should be used as a final polish step to ensure low roughness. 

 

While ceria was shown to create promising slurries for the different metals tested in this chapter, 

many factors still remain untested. For example, a greater study on the trade-offs between pH 

(hydrolysis rate) and condensation reaction rate is needed for each metal to determine the 

optimal pH for metal polishing. The need for a surfactant must also be addressed in all slurries, 

with W CMP requiring the most focus. The low pH of this system results in a negatively charged 

ceria particle that will interact differently with surfactants than many other ceria slurry 

formulations, where the ceria is neutral to positively charged. Finally, the post-polishing cleaning 

chemistry requires further study to efficiently remove ceria from the metals post-CMP. 

 

Cu CMP slurries will require their own unique optimization experiments. While both Cu CMP 

slurries require investigation into the points mentioned above, the ceria/H2O2/glycine/BTA 

system includes many new chemical interactions. These include the ratio of glycine/BTA to 

H2O2, glycine/BTA to ceria, along with the ratio of H2O2 to ceria when in the presence of 

glycine/BTA. While intriguing, these questions are beyond the scope of this dissertation and are 

left, therefore, for future researchers to explore.  
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VI. A Final Summary 

While each chapter of experiments has been summarized, with individual conclusions and future 

directions, they are collected here to emphasize the wholeness of the dissertation topic and 

present the key findings for the convenience of future readers.  

 

To remedy gaps in the field with regards to the mechanism for ceria CMP, I directly probed the 

ceria particles themselves through XPS. This work directly measured the effects of chemical 

environment on Ce3+%. Each particle had a different initial Ce3+/Ce4+ ratio determined by their 

size and synthesis conditions. This ratio was not affected by the pH of the solution that the 

particles were dispersed in. By introducing H2O2 to the slurry, the ratio of cation valence state 

was altered in a predictable way based upon the initial conditions of the particle, owing to the 

catalase-like reaction of ceria in the presence of H2O2. Finally, the addition of surfactants 

reduced the Ce3+% of the particles. The extent of the reduction depended on the physical 

structure of surfactants, which affected the number of surface sites that were blocked. For 

example, micellular surfactants blocked more sites than linear surfactants, effectively preventing 

the necessary condensation reactions for CMP. By combining my results with previous literature 

on the effect of physical parameters and particle-oxide interactions, a more complete 

understanding of chemical removal by ceria was reached.  

 

The knowledge obtained regarding this mechanism was subsequently used to create slurries for 

both a traditional polishing target in silicon oxide and novel targets in tungsten, ruthenium and 

copper. The former during STI and ILD CMP, while the latter three are targets during BEOL 

CMP. When silicon oxide was polished, the improved ceria slurry had higher MRR and better 
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nitride selectivity than slurries that are currently being used in industry. The MRR increases 

obtained through H2O2 additions confirm that the Ce3+% on the ceria surface is a key factor for 

controlling MRR. An unexpected consequence of maximizing this chemical removal is that 

roughness was also improved, allowing us to use larger particles than would traditionally be 

desirable and increasing the mechanical removal without sacrificing surface finish.  

 

When polishing BEOL metals, the improved ceria slurries achieved some combination of higher 

MRR and/or lower post-polish roughness for ruthenium, copper and tungsten. The abrasive in 

these slurries, ceria, is as much as 10x more expensive than the silica abrasive it would replace. 

To account for this difference, the comparisons between ceria and silica slurries were made with 

a difference in concentration of 10x, creating an equal-cost comparison (i.e. 0.1 wt.% ceria vs. 

1.0 wt.% silica). The improvements to ruthenium polishing at all price points indicates that ceria 

slurries are a clear replacement for silica slurries with this metal. Tungsten polishing requires 

sufficient abrasive concentration to achieve higher MRR, but produces a better surface finish at 

all concentrations, indicating its effectiveness as a final polish slurry. Finally, ceria slurry for 

copper polishing when glycine and BTA are not present has a similar MRR to ruthenium and 

would be a suitable replacement for all polishing steps. This is a promising result that would be 

useful for minimizing dishing when polishing copper lines with ruthenium seed layers. If a 

higher material removal rate is necessary, Glycine/BTA can be added for the initial polish and 

then the ceria slurry without these chemicals should be used as a final polish step to ensure low 

roughness. 
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While ceria was shown to create promising slurries for the different metals tested in this chapter, 

many factors still remain untested. For example, a greater study on the trade-offs between pH 

(hydrolysis rate) and condensation reaction rate is needed for each metal to determine the 

optimal pH for metal polishing. The need for a surfactant must also be addressed in all slurries, 

with W CMP requiring the most focus. The low pH of this system results in a negatively charged 

ceria particle that will interact differently with surfactants than many other ceria slurry 

formulations, where the ceria is neutral to positively charged. Finally, the post-polishing cleaning 

chemistry requires further study to efficiently remove ceria from the metals post-CMP. 

 

Cu CMP slurries will require their own unique optimization experiments. While both Cu CMP 

slurries require investigation into the points mentioned above, the ceria/H2O2/glycine/BTA 

system includes many new chemical interactions. These include the ratio of glycine/BTA to 

H2O2, glycine/BTA to ceria, along with the ratio of H2O2 to ceria when in the presence of 

glycine/BTA. While intriguing, these questions are beyond the scope of this dissertation and are 

left, therefore, for future researchers to explore.  
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