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Monodispersed core/shell silica particles with a hard core and microporous shell 

have been synthesized by surfactant template method. Ca. 75nm silica particles were 

used as core and Cetyltrimethylammonium bromide (C16TAB) as template for 

generating microporous shell. Concentration of the surfactant was varied and the 

growth of porous shell analyzed using high-resolution transmission electron microscopy 

and nitrogen adsorption. TGA and FTIR were used to confirm the surfactant removal 

after heat treatment. The synthesized particles were monodispersed and had a hard 

core and highly microporous shell with pore size in the range of 1.3-2.2nm and total 

pore volume in the range of 0.57-0.77cm3/g. The Chemical mechanical Planarization 

(CMP) performance of core/shell silica particles were analyzed and compared with that 

of core silica particles. Polishing was done on copper wafers and low-k dielectric 

material such as black diamond. The core/shell silica particles produced higher removal 

rates and better surface finish for both the wafers. Spectral reflectance technique and 

atomic force microscopy (AFM) were used as analyzing tool.   
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CHAPTER 1 
INTRODUCTION 

The demand for increased circuit density, functionality and versatility has lead to 

tremendous advancement in the front end of the chip manufacturing line. One such 

development in semiconductor industry is Chemical mechanical planarization (CMP) 

process. The ever growing CMP technology has made possible more intricate designs 

with decreased feature size and multi –level interconnects for next generation 

nanoscale devices [1]. The science of CMP is quite different from conventional 

semiconductor manufacturing processes like ion implantation, photo lithography, 

thermal annealing and so on. These traditional processes are well established and 

understand by both academia and industry. However, in the case of CMP process, the 

whole idea and technology was developed and put into use by industry itself. This made 

it difficult for researchers in academia to fully understand the science and theory behind 

CMP process. As time progressed, a new knowledge base and entire skills was 

developed involving CMP process variables such as particle technology, tribology, wet 

and surface chemistry, fluid flow, properties of polymers and so on. CMP slurries were 

given more importance for the abrasive particles and chemical additives used and it has 

become a potential market by its own. The abrasive particles generally in nanometer 

scale are one of the largest uses of present nanotechnology. The development of CMP 

slurries took place simultaneously with development of synthesis techniques for various 

nanoparticles.  

A whole range of nanoparticles was developed in short period of time and particles 

were also modified and functionalized for specific targeted applications. Nanoparticles 

like iron, copper, gold, silver, silica, alumina, ceria etc, have become common these 
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days. Functionalized nanoparticles such as core/shell silica coated gold [2], alumina 

coated Titania [3], silver coated magnetite [4], ceria coated silica particles [5] are being 

widely researched now a days and few of these materials have already found potential 

applications. Those synthesis methods which yield large quantities of nanoparticles and 

possibility of bulk production are always well adopted by industry. Silica nanoparticles is 

one such material which has versatile application and can be synthesized in large scale. 

Ability to synthesize in wide size ranges, easy to functionalize and modify the surface 

has made silica nanoparticles ideal candidate for CMP slurries. 

Motivation 

This research focuses on synthesizing hard core-porous shell silica nanoparticles 

for CMP of copper and low-k dielectric material such as black diamond. Conventional 

non-porous silica particles and fully porous silica particles has few disadvantages in 

CMP performance of low-k dielectric materials. The non-porous silica particles have 

high young’s modulus and are harder abrasives resulting in high penetration depth on 

polishing surface. This produces poor surface finish and more number of scratches 

during CMP process. In case of conventional fully porous silica particles, due to pore 

structure running throughout, the particles have very low density reducing the hardness 

of the nanoparticles. This affects one of the key outputs of CMP i.e. removal rate. 

Porous silica particles produces superior surface finishes with very low surface 

defectivity on the polishes wafer with a compromise on removal rate. There has always 

been challenge to use functionalized nanoparticles in CMP slurries which could not only 

yield higher removal rates but also delivers wafers with low surface defectivity. This was 

the key motivating factor for this research work. By functionalizing the silica particles to 
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be porous at the surface while still maintaining a hard core, the overall performance of 

low-K dielectric and copper CMP can be improved.  

Objective 

The objectives in this thesis are as follows:  

• Synthesize of Core/Shell silica particles with hard core and highly porous shell. 

• To study the effect of surfactant concentration on porous shell formation and 
explain the mechanism.  

• Perform CMP process on two different wafers such as copper and black diamond 
using core/shell particles and non-porous silica particles.  

• Compare the results and explain the behavior of core/shell nanoparticles on 
different wafers materials. 

The first objective was achieved by surfactant templated synthesis method. A 

suitable cationic surfactant such as cetyl trimethyl ammonium bromide was chosen to 

act as structure directing agent. The porous coated samples were characterized using 

transmission electron microscopy and Autosorb-1 instruments. Following the synthesis 

of nanoparticles, suitable slurry was prepared for performing CMP polishing. Polishing 

was achieved on CMP STRUERS TEGRA POL-35 equipment and results analyzed 

using atomic force microscopy (AFM) and spectral analysis technique as Filmetrics. 
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CHAPTER 2 
BACKGROUND 

Introduction to Chemical Mechanical Planarization 

CMP has become one of the integrated operations of semiconductor 

manufacturing and has lead to the development of next-generation nanoscale devices. 

CMP not only eases the design and production of high density Integrated Circuits (IC) 

by eliminating several photolithographic and film issues generated by severe 

topography but also enables greater flexibility with process complexity and associated 

designs. With the development of process technologies and automation in a very fast 

pace, the use of CMP process has expanded greatly. CMP was just used to remove 

topography from silicon oxide and few other surfaces earlier, but now it has been 

successfully used to planarize Shallow trench Isolation (STI) layers, trenched metal Cu 

interconnections, tungsten plugs and low resistivity metals. In spite of all the advantages 

and developments, CMP challenges both academia and industries due to large number 

of input and output variables which is making it difficult to optimize the process and is 

being addressed individually.   

Mechanical grinding alone may theoretically achieve palanarization but the surface 

damage is high as compared to CMP. Chemistry alone, on the other hand, cannot attain 

planarization because most chemical reactions are isotropic. Combination of both has 

always yielded better results. CMP processes produce both global and local 

planarization by combining chemical and mechanical interactions using slurry 

composed of chemicals and submicron-sized particles. The process consists of moving 

a sample surfaces against a pad and to feed the slurry between the sample surfaces 

and pad to achieve palanarization. Figure 2-1 shows a schematic of chemical 
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mechanical polishing setup. The abrasives particles in the slurry induces mechanical 

damage to the surface, loosening the material for enhanced chemical attack or 

fracturing off the pieces of the surface and easy removal thereafter. Out of all the 

parameters involved in obtaining best results from CMP, there are three main 

components which must be given careful attention. They include, the surface to be 

polished, the pad and the slurry.  

 

Figure 2-1.  Chemical Mechanical Polishing set up. 

The surface to be polished can be classified based on metals, dielectrics and 

special materials. CMP of metals includes polishing surfaces of Polysilicon, Al and 

alloys, Cu and alloys, Ta, W, Ti and alloys such as TiN and TiNxCy. Increasingly metal 

CMP is being used for the formation of studs and interconnections. There are several 

advantages to using CMP to remove metal overburden. First, metal CMP yields a high 

degree of local planarity. The high degree of planarity allows vias to be stacked directly 

on top of each other. Stacked vias result in considerable reduction in circuit area over 
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staggered vias. Another group of surfaces polished using CMP includes dielectrics such 

as silicon dioxide, phosphosilicate glasses (PSG), borophosphosilicate glasses (BPSG), 

Si3N4 and SiOxNy. Figure 2-2 illustrates CMP polishing of various substrates used in 

semiconductor industry. Though many of the oxide CMP remain proprietary, many 

studies have been undertaken to understand the mechanisms of material removal in 

these types of surfaces. There are many factors which influences the performance of 

oxide CMP such as abrasive materials used, slurry pH, solid loading, etc. Some of the 

benefits of oxide CMP includes improved bulk material removal, lithographic capability 

and reduced defect densities. Some of the special surfaces polished using CMP method 

includes aerogels, high K dielectrics, high Tc superconductors, optoelectronic materials, 

plastics and ceramics. These materials are planarized to be used in high end 

applications such as flat panel, packaging, advanced devices and circuits. 

Another key component for better CMP results is characteristics of polishing pad. 

The role of pad and its mechanical properties such as surface roughness and surface 

porosity play a key role in determining polishing rate and planarization ability of the 

CMP process. Pad porosity is indicated by specific gravity; the lower the specific gravity, 

the higher the porosity. Pad porosity aids in slurry transportation, removal of reaction 

products from polishing site. Pad hardness and compressibility have been found to 

influence planarity. The harder and more noncompressible the pad, the less it will bend 

and conform to the wafer surface to remove material at lower regions. The pad 

materials are generally composed of polyurethane foam matrix with diamond or other 

filler materials. Pads are often tailored to required application and expectations. 

Continuous use of pad for various runs leads to degrading surface properties and poor 



 

16 

CMP results; hence it is necessary to condition the pad frequently between trials for 

longer life and better outcome.  

 
 

Figure 2-2.  Different wafer structures polished by CMP process (A) and (B) Low-k 
dielectric CMP, (C) Tungsten metal CMP 

A separate section has been dedicated to slurry preparation and characteristics. 

With many of advantages discussed, some of the disadvantages of CMP and 

challenges it faces are explained here. The main disadvantage of CMP is its 

optimization. An entire new tool set including metrology and process control tools is 

required to make CMP more robust. Added to this, high circuit density and advanced 

level of pattern geometry effects result in narrow design, increasing the overall cost of 

the circuit design. Some of the other problems include defects arising from CMP 
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process such as scratching from the abrasive materials used in slurry, residual abrasive 

particles and corrosive attack of chemicals used in slurry, delamination at weaker 

interfaces, stress cracking and variation in oxide layer thickness. Post CMP cleaning 

has always posed problems in the entire cleaning process, which is being addressed by 

industry now a days. The main challenge that CMP faces is the integration into 

semiconductor manufacturing line. Since most of the procedures and key notes are 

proprietary, it is difficult to bring one single methodology for CMP process and optimize 

the system. Also a detailed understanding of material removal and surface planarization 

during CMP is lacking. With market demands increasing day by day, these critical 

issues must be addressed in an effective manner. 

CMP Slurry Preparation and Characteristics 

Slurries provide both the chemical action through the solution chemistry and the 

mechanical action through the abrasives. High polishing rates, planarity, selectivity, 

uniformity, post-CMP ease of cleaning including environmental health and safety issues, 

shelf life, and dispersion stability are the factors considered to optimize the slurry 

performance. Chemical reagents in the CMP slurry react with the wafer surface being 

polished forming a chemically modified top layer with desirable properties compared to 

the initial wafer surface. Etch rate is dependent on slurry composition. Any commercial 

CMP slurry will have the chemical agents such as oxidizers, buffering agents, slurry 

stabilizers and complexing agents. Oxidizers are generally added to metal CMP slurries 

due to the fact that, they react with metal surfaces to raise the oxidation state of the 

metal, resulting in either dissolution of the metal or the formation of surface film on the 

metal. On the other hand complexing agents are added to increase the solubility of the 

film being polished. Buffering agents are added to keep the slurry pH constant 
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throughout the volume and over time .The overall concentration of all these chemicals 

added are to be monitored carefully since they increase the reaction rates at the 

polishing surface.  

Abrasives in the slurry play the very important role of providing mechanical action 

during polishing. Commonly used CMP abrasives are SiO2, Al2O3 and CeO2 particles. 

Various multifunctional and tunable particles such as ceria coated silica [6], alumina 

coated silica particles [7] (shown in Figure 2-3) are becoming popular. The chemically 

modified surface layer of the wafer is abraded continuously with the submicron size 

slurry abrasives resulting in material removal.  

 

 

Figure 2-3.  SEM Images of abrasive particles used in CMP (a) Alumina coated silica 
[Ref.7] and (b) Ceria coated silica abrasives [Ref .5] 

To achieve an optimal polishing performance with minimal deformations and good 

planarity, it is necessary to optimize, the rates of chemical modification and mechanical 

abrasion. The intensity of mechanical abrasion also varies with the slurry particle size 

and concentration, as these factors determine the load applied per particle. Furthermore 

the frequency of abrasion depends on the number of slurry abrasives in contact with the 
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wafer surface. Therefore, abrasive particle size and concentrations as well as the 

particle size distribution are very important parameters while designing the slurry. This 

is illustrated in Figure 2-4, which shows material removal rate and frictional force of 

silica as function of solid loading of 0.5µm silica abrasives. The effect of particle size 

distribution in form of agglomerates has been reported [8]. A small variation in any one 

of the above parameters may result in major changes in the particle-substrate 

interactions and material removal rates vary resulting in poor process control. Hardness 

of abrasive particles in slurry plays important role in achieving higher removal rates, 

however care must be taken to minimize surface damage. 

 

Figure 2-4.  Material removal rate and friction force of silica as a function of solids 
loading of 0.5µm silica abrasives (Ref. [9]) 

Some of the other key parameters to be taken into account while preparing CMP 

slurry are the viscosity of the slurry, isoelectric point (pH), slurry flow rate and stability of 

the abrasives. Viscosity affects slurry transport across the wafer and lubrication of the 

wafer-pad interface. The more viscous the slurry is, poor is the transport of reactants 

and products to and from the wafer surface. Hence optimal viscosity is to be 
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maintained. The isoelectric points (IEP) is the pH at which abrasive surface is charge 

neutral. The charge on abrasive particles determines the mechanism of material 

removal on various surfaces. The importance of this factor is currently being researched 

and very few reports available. Slurry flow rate normally having units of l/min or ml/min 

is the amount of abrasives delivered to the pad while polishing. It significantly affects the 

removal rate and lubrication properties of the system.  

Introduction to Nanoporous Materials 

IUPAC has classified porous materials based on their pore sizes. Materials with 

pore diameter of less than 2 nm are considered as microporous, those with pore 

diameters greater than 50 nm are referred to as macroporous and those that fall in 

between 2 to 50 nm are mesoporous materials. Some of the commonly synthesized 

nanoporous materials are silica and alumina. Other oxides of titanium, zirconium, 

cerium, tin porous materials are also being widely researched. The main reason why 

these porous materials were able to find wide range of applications in industry was due 

to the fact that the pore size, pore integrity and the ordered and disordered nature of the 

pores can be controlled precisely. There are various methods of synthesis of porous 

materials such as self-assembly, templated self-assembly, Sol-gel processing and spray 

drying methods. However the most common method which is widely used is the 

surfactant templated synthesis. Some of the potential applications of micro/mesoporous 

materials include industrial catalysis, separation technology, environmental protection, 

electrochemistry, membranes, sensors, optical devices and polishing. 

Micro/Mesoporous Silica Particles 

 Porous silica particles are inorganic materials first developed by researchers in 

Japan a decade back. It was further industrially developed by Mobil Corporation 
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laboratories and nomenclatured as Mobil crystalline of Materials (MCM-41, MCM-48, 

MCM-50) with hexagonal, cubic and lamellar mesostructures respectively and different 

morphologies. Their pore size and wall thickness do not go beyond 4.0 nm and 2.0 nm, 

respectively. Other popular mesoporous particles are SBA type materials with different 

mesostructures and porous characteristics somewhat similar to the MCM-X type 

materials.SBA-15and SBA-16 silica (SBA: Santa Barbara University) with large pore 

sizes and thicker wall were prepared. Mesoporous silica particles have been 

synthesized by various methods. One of the most commonly synthesized ways is in the 

presence of surfactants as templates for the poly condensation of silica species, 

originating from different sources of silica such as sodium silicate, alkoxydes-TEOS 

(tetraethyl orthosilicate) and TMOS (tetramethyl orthosilicate). Synthesis conditions 

such as source of silica, type of surfactant, ionic strength, pH and composition of the 

reaction mixture, temperature and duration of the synthesis effect the surfactant micellar 

conformation, the silica-surfactant interactions and the degree of silica poly 

condensation. These conditions determine the characteristics of the porous structure. 

Several other synthesis methods have been reported.   

Nanoporous silica particles are interesting materials for high performance liquid 

chromatography application (HPLC) due to their high surface area and their organized 

porous structure. Additionally their content of silanol groups as well as their chemical 

and mechanical stability under chromatographic conditions makes it well suited for the 

application. Different nanostructures are used as supports for immobilization of 

bioactive enzymes and drugs. The most common immobilization methods are 

adsorption, covalent bonding, cross-linking and entrapment. Since silicates are 
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biocompatible, nanoporous silica particles are well suited as support for controlled drug 

delivery systems or for immobilizing enzymes, which are used as biosensors and in 

bioconversion processes. The immobilization process is very efficient if the support 

exhibits high surface area and size of the pores is similar or slightly higher than the 

diameter of the biomolecule. The aluminosilicates and mesoporous silicas are widely 

used in heterogeneous catalysis as catalysts or as support for the catalyst. The 

nanoporous particles are very promising candidates for this application due to their high 

surface area and pore volume, besides of the possibility of surface modification and 

pore distribution control. The adequate diffusion of molecules through the catalyst pores 

allows the direct interaction with the acidic sites on the wall surface, promoting the 

conversions. Macropores formed between these particles allow a fast mass transfer to 

the surface of the primary particles. Incase of bio-imaging mesoporous silica particles 

are considered as highly efficient MRI contrast agents and its usefulness is being 

researched in bio-engineering field extensively. Other significant applications of 

nanoporous silica particles are in CMP polishing though most of the reports are either 

not published or in proprietary with industries. 

Advantage of Nanoporous Silica in CMP 

Nanoporous silica particles have reduced density due to high porosity; as a result 

the Hamaker constant is very low for these particles, which implies less adhesion on the 

surface that is polished. Due to lower hardness of these particles compared to 

conventional non porous silica particles, impregnation of these particles on the wafer 

surface can be prevented. Moreover the porous silica particles have low refractive index 

and dielectric constant due to surface porosity of these particles. This reduces the van 

der waals attractive force while polishing and one can expect minimal indentation and 
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very less surface damage on the wafer surface. Another main advantage of these 

nanoporous silica particles is reduction in scratches in the polished surface. The 

penetration depth of the scratches varies linearly with the particle size and inversely 

with the young’s modulus of the impacting abrasive particles. Hence in order to reduce 

the depth of the particle indent and resulting scratches, the particle size as well as the 

Young’s modulus of the particle should be reduced. By using nanoporous silica 

particles, this can be achieved which would result in significantly reducing the scratches. 

The low normal stress on these nanoporous silica particles compared to that of non-

porous particles reduces the film delamination effect considerably. Most of the CMP 

polishing of low-k dielectric materials is done at alkaline pH. The replacement of 

conventional silica particles with the porous particles will not alter the slurry chemistry 

and hence by modifying the surface morphology with high porosity and surface area 

particles will not only improve the removal rates but also high quality surface finish can 

be achieved. Thus the synthesis of wide range of tailored nanoporous silica particles, 

which are highly monodispersed are potential candidates for CMP.  
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CHAPTER 3 
SYNTHESIS OF CORE/SHELL MICROPOROUS SILICA PARTICLES 

Introduction 

Silica has become one of the easily synthesized nanoparticles, ever since Stober 

et al. [10] introduced sol-gel process for growing particles of sizes ranging from nm to 

µm in diameter, simply by varying the catalyst and precursor concentrations. This has 

lead to various developments in synthesis of multi-functional silica particles such as 

microporous & mesoporous silica and core-shell particles with different components in 

the core and shell layers [11]. Porous Silica spheres have attracted many researchers 

for its wide range of applications such as chromatography, catalysis, drug delivery, 

waste water treatment, etc. [12,13,14]. Another potential application of these highly 

porous silica particles are in Chemical mechanical planarization (CMP) as abrasives for 

polishing dielectric layers on Si wafers [15]. The particles can be nearly tuned 

functionally to get desired results in such applications. 

Various methods have been employed to synthesis porous silica particles with 

controlled pore systems [16,17,18]. However the most common method is the surfactant 

templated synthesis (STS). Here a cationic surfactant such as n-alkyl trimethyl 

ammonium bromides (CnTAB) is mixed in the water-alcohol mixture, followed by 

polymerization of alkoxide precursor such as tetraethyl orthosilicate (TEOS) and finally 

removing the template by calcination [19] or other methods [20,21]. Nanoparticles 

synthesized by such methods are porous throughout. A modification in the conventional 

porous silica particles is synthesis of hard core and porous shell silica particles. Jungo 

Ho [22] and M. Mesa [23] et al. synthesized such particles in the size range of 400-
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500nm with hard core and porous shell of ca. 50nm in thickness used for HPLC (high 

performance liquid chromatography) application. 

Here, we report a modified and simple method for synthesizing highly microporous 

shell with hard core silica particles by using C16TAB as structure directing agents on 

75nm silica particles. Concentration of surfactant was varied and effect on porous shell 

formation and increase surface area were analyzed. As the particles were highly porous 

at surface with a hard core and also highly monodispersed, they should be of great 

interest for CMP slurries. The main advantage of core/shell silica particles is to obtain 

less defective polished surface after CMP while still maintaining optimum removal rates. 

The high surface porosity influences the refractive index and dielectric constant of the 

silica particles, which decreases van der Waals attractive forces [24]. As a result, one 

can expect lower adhesion force between porous abrasive slurry particles and wafer 

surface resulting in reduced indentation and minimal scratches on the surface. Such 

surface defectivity is always a concern in case of conventional non-porous silica 

particles depending on their sizes [25]. Advantage of having a hard core is to maintain 

higher removal rates of the dielectric layers, which are otherwise difficult to obtain, 

incase of fully porous silica particles. Overall, the core/shell silica particles are useful in 

improving the performance of low-k dielectric CMP process. 

Experimental 

Materials 

All the solutions were prepared using analytical grade reagents. Silica colloid 

EM7530A (with average particle size of 75nm, having a 30% solid concentration in a 

H20/NH4OH solution) was provided by Silco International, Inc. Tetraethyl orthosilicate 

(TEOS, 98 wt %), Cetyl trimethylammonium bromide-C16TAB (99+ %) surfactant were 

http://en.wikipedia.org/w/index.php?title=Cetyl_trimethylammonium_bromide&redirect=no�
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purchased from Sigma-Aldrich. Ethanol and Ammonium hydroxide (29 wt% NH3 in 

water) were purchased from Fisher scientific. Water was deionized to 18.2MΩ cm-1 

using an E-pure Barnstead model D4641 instrument. 

Synthesis of Mesoporous Shell Silica Particles 

25 ml of commercial EM75 silica colloid was diluted by adding 85ml of H2O and 10 

ml ethanol. The solution was ultra-sonicated for 1 hr and then magnetically stirred for 1 

hr to disperse the silica particles more uniformly. The pH of this solution was maintained 

at 10 by adding ammonium hydroxide. A separate mixture of H2O (15 ml), ethanol (10 

ml) and C16TAB (with varying concentration) was prepared and added to the above 

solution under vigorous magnetic stirring. A relaxation time of 3 hours was allowed for 

the surfactant to adsorb on the silica surface and then a solution of 1.25 ml TEOS and 

3.5 ml ethanol was added slowly to the above mixture. The reaction was allowed to 

proceed for 6 hours after which particles were centrifuged and washed with ethanol 

three times to remove most of the surfactant present in solution. Particles were calcined 

at 450°C for 6 hours to completely remove surfactant. Concentration of C16TAB used 

was 0.78 mM, 1.56 mM, 3.1 mM and 6.2 mM.The particles were designated as Sample- 

A, B, C and D respectively.   

Characterization 

The morphology of the core/shell particles was examined using High Resolution 

Transmission Electron Microscope (HRTEM). Nitrogen sorption measurements were 

performed on Quantachrome instrument. Samples were degassed at 250°C for 6 hours 

prior to analysis. The surface areas were calculated by BET (Brunauer-Emmett-Teller) 

method and the pore size distribution curves were obtained from the adsorption branch 
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by using BJH method. The total pore volumes were estimated from the adsorption 

branch of the isotherm at P/Po=0.98 assuming complete pore saturation. The 

monodispersity of the core/shell particles were shown using Field Emission Scanning 

Electron Microscopy (FESEM) images. TGA-DTA and Fourier Transform Infrared 

Spectroscopy (FTIR) measurements were done on Sample-C to show the removal of 

surfactant after calcination. 

Result and Discussion 

Synthesis Method 

The main aim of the work is to synthesis silica particles, with higher surface porosity in 

one-step reaction for application such as chemical mechanical planarization. 

Commercially available silica particles were used as seeds for nucleating porous silica 

shell. Number of seeds was chosen carefully such that, a uniform and monodispersed 

core/shell particles are synthesized. Various trials with different concentration of core 

silica particles were carried out first, keeping the basic synthesis method same. Among 

the 2.5 wt%, 5 wt%, 10wt%, 15wt% and 20 wt%, best results were obtained for seed 

concentration of 5wt% and below. As the concentration of seed particles increased 

severe coagulation, with poor particle dispersibility and non-uniform porous shell coating 

was formed. Hence, hereafter all the particles were synthesized using 5wt% 

concentration of seed. 

CTAB Adsorption on SiO2 Nanoparticles 

The study of CTAB adsorption on silica particles was critical in forming the porous shell.  

Extensive work has gone into the study of cetyltrimethylammonium ion (CTA+) on SiO2 

surfaces. Wei Wang [26], et.al reported that at lower surface coverage (less than a 

monolayer), CTA+ molecules were strongly bound to the SiO2 surface via their trimethyl 
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ammonium head groups. A bilayer sorption of the CTA+ was observed at higher surface 

coverage and the sorption was attributed to the hydrophobic interactions between 

aliphatic tails of CTA+ ions. Adsorption of CTAB on silica is mainly attributed to 

electrostatic interaction between CTA+ ions and hydroxyl groups at silica surface. In our 

work, the pH of the solution was maintained at 10 before CTAB was added. This 

provided more negative charge sites on the surface of silica as a result of ionization of a 

greater proportion of surface hydroxyl groups and as a result increased the electrostatic 

attraction between CTA+ ions and silica surface. A 5- to 10-fold increase in CTAB 

adsorption onto silica gel at pH 10 (compared with pH 5.6) at concentration range from 

0.05 to 0.4 mM was reported by Fleming [27]. He also reported that most of the 

adsorption of CTA+ molecules was observed in the first 10 s, followed by a slow rise (2 

to 3h) after which the equilibrium excess was reached. In our synthesis method, a 

relaxation time of 2hours after addition of CTAB was given for most of the CTA+ 

molecules to adsorb on the particles before TEOS was added to form the porous shell. 

A 15% of ethanol in water was maintained in our reaction. The percentage of ethanol in 

water affects the micellization of CTAB surfactant. The volume ratio of water/ethanol 

affected the way in which CTAB molecules arrange onto the silica surface. Nazir [28] 

et.al reported that critical micelle concentration (CMC) of CTAB in ethanol-water media 

increases upto 10% ethanol and decreases on further addition of ethanol. This helps in 

reducing the overall CTAB concentration used as a template in the synthesis of 

core/shell particles. Micelle formation of CTAB in the bulk solution and on the silica 

surfaces is considered better for formation of porous shell. The critical micelle 

concentration (CMC) of CTAB surfactant is 0.92 -1 mM. A well defined porous shell was 



 

29 

formed on particles synthesized above this concentration of surfactant such as (C) and 

(D). 

Mechanism of CTAB Molecules Arrangement on Silica Particles 

 

Figure 3-1.  Schematic of Core/Shell silica particles preparation 

The critical micelle concentration (CMC) of CTAB surfactant is 0.92 -1 mM. The 

mechanism of CTA+ ions arrangement on negatively charged silica surface with 

increase in surfactant concentration is shown by a simple schematic in Figure 3-1. At 

concentration below cmc, the surface of silica is covered by a single layer of monomers 

and as the concentration of CTAB increases, more number of monomers tends to crowd 

the surface forming bilayers and finally at higher concentrations well above CMC, the 

surfactant aggregates as micelles. The samples A and B were prepared with 

concentration of CTAB below CMC and samples C and D were prepared above CMC in 

increasing order. 
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Surface Morphology of Porous Shell Silica and Pore Characterization 

Figure 3-2 presents the FESEM micrographs of calcined sample-C core/shell 

particles that shows particles are spherical, uniform and highly monodispersed. A closer 

observation at the surface of these particles was done using high-resolution 

transmission electron microscopy (shown in Figure 3-3). Sample-A which was prepared 

using lowest CTAB concentration, showed a less rough surface morphology and the 

porous shell was not visibly seen in the picture. As the concentration of CTAB increased 

the thickness of the porous shell increased and the distinction between core and the 

shell can be seen clearly. Sample-C showed a thicker porous shell compared to 

sample-B (as marked using arrows in the figures). Sample-D showed a well defined 

porous shell, with the thickness of the shell in the range of 10-12 nm and a much rough 

surface compared to other samples.  

 

Figure 3-2.  FESEM Images of calcined sample-C core/shell silica particles under 
different magnification. 

The BET surface area, total pore volume and BJH pore size for the porous shell 

coated silica particles are listed in Table 3-1. Particles which were prepared with high 

CTAB concentration (D) exhibited, highest BET surface area of 72.25m2/g compared to  
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Figure 3-3.  TEM micrographs of core/shell SiO2 particles as increase in surfactant 
concentration from (A1 to D1). 
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that of sample (A) which resulted in a surface area of 47.17m2/g. The total pore volume 

also increased linearly from particles A to D suggesting that, a prominent porous shell is 

formed on particles with higher concentration of CTAB. The BJH pore size of the 

particles was in the range of 1.38-2.198 nm. As reported in [16,17], particles with pore 

size in this range were highly microporous in nature. 

Table 3-1.  N2 sorption measurement of Core/shell silica particles. 
Sample 
Name 

[CTAB]    
mM 

BET surface 
area (m2/g) 

Total Pore volume         
(cm3/g) 

BJH pore 
size   (nm) 

A 0.78 47.17 0.5722 1.38 
B 1.56 49.79 0.6167 1.386 
C 3.1 52.65 0.6784 1.46 
D 6.2 72.25 0.776 2.198 

 
TGA and FTIR Analysis 

For TGA and FTIR analysis, sample-C, prepared using highest surfactant 

concentration was used. The amount of template in as-synthesized and heat treated 

core/shell silica particles were tested using thermo gravimetric analysis first. Most of the 

surfactant in the as-synthesized sample was removed while centrifugation and washing 

with ethanol for three times. The remaining surfactant was removed in the temperature 

range of 150-300°C. This is confirmed from the TGA graph of as-synthesized sample-C 

particles shown in Figure 3-4, which showed a weight loss of approximately 2.5% in this 

temperature range, mainly due to the decomposition of C16TAB surfactant (the melting 

and decomposition temperature of C16TAB is 230°C [29]). The sample which was 

calcined at 400°C for 6 hours, showed almost a constant weight loss in the temperature 

range of 200-800°C, indicating negligible concentration of surfactant left over after heat 

treatment. This was further confirmed by FTIR analysis of sample-C.  
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Figure 3-4.  TGA of core/shell silica particle- sample C 

.  

Figure 3-5.  FTIR of core/shell silica particle- sample C 
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The FTIR spectrum in Figure 3-5 shows two distinct bands in the 2950-2850 cm-1 

region, which are due to the CH2 units of the C16TAB aggregates asymmetric and 

symmetric vibrations. After heat treatment, the intensity of those two CH2-stretching 

vibration bands significantly reduced indicating most of the surfactant removed after 

heat treatment [30]. The other bands in the spectra such as 1621 cm-1, 1878 cm-1 and 

3314cm-1 are attributed to the bending vibration of the associated water due to O-H 

stretching frequency. The 1130 cm-1, and 800cm-1 band shown in the insert of Figure 3-

5 are attributed to the asymmetric stretching vibrational mode of Si-O-Si and symmetric 

stretching of bulk Si-O-Si respectively. 

Summary 

Monodispersed core/shell silica particles, with hard core and microporous shell 

silica particles have been prepared by simple method of surfactant adsorption on 

optimum concentration of silica seed particles, followed by hydrolysis of TEOS and 

finally removing the surfactant by heat treatment at 400°C for 6 hours. The morphology 

of the porous shell was altered by changing the concentration of surfactant and 

difference in morphology observed using TEM. The specific surface area, total pore 

volume and pore size, obviously increased as the concentration of the surfactant 

increased. Following this investigation, we are now able to tailor the surface porosity of 

the silica particles of ca. 75 nm sizes just by varying the concentration of surfactant. The 

thickness and porosity of the porous shell formed can be further manipulated by altering 

TEOS concentration, which was not performed in our study. This possible tailoring of 

silica particles is of great interest for chemical mechanical polishing of low-k dielectrics 

in semiconductor industries to obtain less defective wafers.  
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CHAPTER 4 
CHEMICAL MECHANICAL PLANARIZATION USING CORE/SHELL SILICA 

Introduction 

CMP slurries are designed to avoid surface defectivity on wafers during polishing 

process. Common defectivity issues include surface scratches, indentations, surface 

roughness, particle adhesion and corrosion. Controlling the size of the abrasives in the 

slurry and size distribution of the particles will help to control micro-scratching on the 

wafers. As reported [25], concentration of the particles also pay important role in surface 

finish.  The data presented clearly indicates that even slight increase in concentration of 

large particles will degrade the quality of surface to greater extent. Other factors such as 

time-dependent aggregation of particles, pH drift and long term stability of the slurry 

also dominate the surface defectivity issue during CMP. Aggregation of particles as time 

progresses increases the overall particle sizes and the wafers are subjected to higher 

contact stresses, thereby increasing the surface defectivity. Likewise unstable slurries 

result in particles settling onto the wafer surface and causes particle adhesion which is 

difficult to remove during post-CMP cleaning.  

Removal rates are important output variable in any CMP process.  A high removal 

rates are expected from well designed and perfect CMP slurry. In case of shallow trench 

isolation CMP, the removal rates are typically 2000 Å/min and that of metal CMP such 

as copper, tungsten, it can be as high as 6000 Å/min. The removal rates are governed 

by various factors and incase of metal CMP, a thin oxide layer forms first, which is 

subsequently removed by abrasive particles in the slurry. For better removal rates, the 

time for oxide layer formation must be rapid since the particle interaction time is 

relatively very fast. In case of Silica CMP, the surface is made softer by penetration of 
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water and forming a gel-like layer, followed by abrasive action of particles to remove the 

surface. Chemicals in slurry play key role in achieving higher removal rates. The 

chemical in the slurry react and form passivation layer with the wafer surface at much 

higher rate than the abrasive particles present in the slurry. Additives such as oxidizers 

are used to control the reaction rate and surface passivation.   

In this work, I report CMP performance of low-k dielectric and Copper films using 

slurry prepared by core/shell silica particles (synthesized by method explained in 

Chapter 3). The particles used in slurry were microporous in nature and have higher 

surface area. Another slurry was prepared using non-porous silica particles of 

approximately 75nm size. Removal rates and surface roughness of each material (Black 

diamond and Copper) were compared for non-porous silica and core/shell silica slurries. 

Experimental 

Materials 

Silica colloid of approx.75nm particles were purchased from Silco Inc. Core/shell silica 

particles prepared in lab. For CMP polishing, black diamond wafers were purchased 

from Applied Materials Inc. and copper wafers from Wafer Net Inc. All wafers were cut 

into 1” squares and edges smoothed by grinding operation followed by cleaning in 

acetone and deionized water in ultrasonicator.  

Slurry Preparation 

Two slurries were prepared using core/shell silica particles and non-porous silica 

particles (commercial silica colloid) for CMP polishing. The particles were mixed in 

deionized water without adding any additives and the pH of the solution was adjusted to 

9 by adding NH4OH. The particles were dispersed by using ultrasonification in bath 

sonicators, until all the aggregates were broken down. To find the effect of dispersion 
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after sonification, particle size analysis was done using laser diffraction particle size 

analyzer (LS 13 320 Coulter Instrument) and FESEM used to confirm the particle size. 

CMP Polishing Setup 

Chemical mechanical polishing was performed in lab using a STRUERS TEGRA 

POL-35 polisher along with a flow pump for slurry feed and Struers rotoforce polishing 

head for conducting all the polishing experiments. The polishing unit has a 12 inch 

diameter platen on which polishing pad is mounted. IC 1000/Suba IV stacked pads were 

used for polishing. Downward pressure was applied pneumatically and the polishing 

time and pad rotation speed set to desired values. The sample holder is a 2.25 inch 

diameter stainless steel cylinder, with a height of 1.13 inches. A flat square recess is 

machined in the center of one of the flat surfaces. A backing material is mounted inside 

the recess. It brings the wafer slightly (0.05 inch) above the flat sample holder surface 

and is made wet before the sample is put on it, in order to hold the wafer using capillary 

forces. The experimental conditions were set as follows: the sample and pad rotation 

speed was set at 100 rpm; the downward force was set at 6 Psi, and the sample was 

offset by 3.5 inches from the centre of the pad. Slurry feed rate was set at 80ml/min and 

time for polishing was 1 minute. After polishing the samples were ultrasonicated in 

alkaline water to dislodge the particles adhering to the surface. Incase of black diamond 

wafers, the polishing rate was determined by measuring the thickness of the films in 

various marked regions of the wafer using FILMETRICS, a spectral reflectance 

technique for thickness measurement, before and after CMP. Incase of copper wafers, 

a Four-Point Probe was used to measure the resistivity of the copper, before and after 

CMP. From resistivity, the thickness of wafers was calculated. The surface roughness 

was characterized using atomic force microscopy (AFM). 
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Results and Discussion 

Properties of Core/Shell Silica Particles 

 

Figure 4-1.  Schematic of different morphology of silica nanoparticles 

For better understanding the silica particles, three schematics are shown in Figure 

4-1. The first one represents non-porous silica, second one fully porous silica and third 

one, a non-porous core/porous shell silica particles. The figure is self-explanatory and 

one can understand that the density and hardness of silica particles are very much 

affected by pores present in the particles. Figure 4-2 shows TEM images of (a) non 

porous silica particles and (b) core/shell silica particles. From the images, one can 

easily differentiate between a hard core and porous shell silica particles. The particle 

sizing was performed on LSS coulter instrument for both the slurries prepared. In case 

of core silica particles (slurry A), the average size of particles was 75-80 nm and incase 

of core/shell silica particles (slurry B), the average size of particles was 98 nm. Overall 

the particle distribution was uniform and normal for both the slurries (as shown in Figure 

4-3). A nitrogen sorption test was performed on core silica particles and core/shell silica 

particles using Autosorb-1 instrument. 
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Figure 4-2. Comparison of TEM images of (A) core and (B) core/shell Silica 

 

 
Figure 4-3. Particle size distribution of abrasives in slurry A and B 
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The pores in core/shell silica particles were microporous in nature with increase in 

total pore volume compared core silica particles. The adsorption/desorption curves of 

core and core/shell silica particles are shown in Figure 4-4. In fully porous silica 

particles, pores run through out the particle and have very low hardness, such particles 

are used in CMP for producing better surface finish on low-K dielectric materials. They 

are less useful in polishing metal films due to their poor hardness. In case of non-porous 

silica particles, the hardness is very high and mostly utilized in application were higher 

removal rates are required. A new approach in designing CMP slurry is to choose 

particles with optimum hardness and porosity level so that surface finish is better and 

removal rates are also not compromised.  

 

Figure 4-4. Nitrogen sorption isotherm of silica core and core/shell silica particles. 
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Polishing Rate and Surface Roughness 

As mentioned, CMP polishing of copper and  low-k dielectric material such as 

black diamond were conducted in two different slurry system, one with non-porous silica 

particles [Slurry A] and other with core/shell silica particles [Slurry B]. The concentration 

of solid loading and pH of the slurry was fixed as 5wt% and 9 respectively for both slurry 

systems A and B. Table [4-1] shows the comparison of polishing rates among two 

wafers for both the slurries.  

Table 4-1. Polish rates and surface roughness of black diamond and copper wafers. 
Material Removal Rates(Å/min) Surface Roughness RMS (nm) 

  
Slurry A Slurry B Slurry A Slurry B 

Black Diamond 388 ± 15 720 ± 15 0.57 0.56 
Copper 430 ± 15  882 ± 15 1.85 1.73 
 

Black diamond is a low-K dielectric material developed by Applied Materials Inc. It 

is a carbon doped SiO2 film deposited by PECVD (Plasma Enhanced Chemical Vapor 

Deposition) technique. Due to the carbon doping, dielectric constant is lowered below 3 

and is used for ≤90nm copper/low k interconnects. The hardness of black diamond film 

is roughly in the range of 3-4.5 GPa [31]. This value is higher than copper films and 

lower than that of normal SiO2 dielectric films. Hence removal rates using any abrasives 

particles are supposed to be in the decreasing order of copper, black diamond and SiO2 

films. However due to various other mechanisms involved during CMP, this order may 

not be true. For example as reported by KS CHoi [24] even though hardness of black 

diamond is lower than SiO2, the removal rates are higher for SiO2 film due to more of 

chemical activity of slurry than mechanical action of the abrasives. In our work, the 

removal rate of copper was higher than that of black diamond for both the slurry 

systems. This is due to the fact that copper wafers are less hard compared to black 
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diamond. Slurry properties such as abrasives, pH plays a less important role 

considering the hardness of the wafer. As observed from the table [4-1], the removal 

rates are higher for Slurry-B for both the wafers. Slurry-B was prepared using core/shell 

silica particles and Slurry-A using non-porous silica particles. One would expect the 

removal rates of Slurry-A to be higher since the particles are nonporous in nature. But 

the opposite is observed. This behavior of core/shell particles can be explained on the 

basis of hardness of core and high surface area of shell.  

The hard core of the core/shell silica particles helps in retaining the overall 

hardness of the particles when compared to fully porous silica particles. This hardness 

coupled with high surface area caused by micro-pores present in the shell, increases 

the material removal rate. In case of carbon-doped SiO2 (i.e.) black diamond wafer, the 

removal mechanism is explained by formation of gel-type layer on the wafer surface due 

to dissolution of silica film by chemical reaction, followed by mechanical polishing. 

Incase of copper wafers, the material removal mechanism is due to the formation of 

oxide passivation layer such as Cu2O on the surface of copper, in reaction with the 

chemicals present in slurry, suitably transported by abrasive particles. This is followed 

by removal of the passivation layer along with base copper layer due to abrasive action 

of particles in slurry. In general, the chemical activity at the wafer surface increases 

when the abrasive particles have higher surface area. This is the case observed in 

slurry B and the reason for higher removal rates in case of both the material.   

Slurry B (core/shell silica) yielded better surface roughness on the polished wafers 

for both copper and black diamond materials. This can be explained by the surface 

morphology of the core/shell particles. The microporous nature of the shell make the 
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surface less dense, thereby reducing the surface hardness of the particles compared to 

the core. This induces very less scratches on the surface.  Due to surface porosity of 

core/shell silica particles, the dielectric constant is lowered. As a result Hamaker 

constant is very low for these particles. [Since Hamaker constant is linearly proportional 

to van der Waals force between two surfaces.] This implies the core/shell silica particles 

have less adhesion on the surface that is polished due to very low van der Waals 

forces. From the table [4.1], we can see that the surface roughness of copper is very 

much high compared to that of black diamond for both the slurry systems. This is partly 

due to the fact that the initial copper wafers (before polishing) had high surface 

roughness than black diamond and partly due to hardness of base material, which is 

lower for copper, prone to more surface scratches. Apart from some the reasons 

mentioned here, various other factors such as solid loading, pH of the slurry, pad 

characteristics play an important role. 

Summary 

Core/shell silica particles slurry was successfully prepared and used for chemical 

mechanical planarization of copper and low-k dielectric material, black diamond. Non-

porous silica particles slurry was prepared to compare the behavior of wafers in two 

different slurry systems.. CMP of the hard core/microporous shell particles slurry 

produced higher removal rates and better surface finish compared to non-porous silica 

particles. Filmetrics and Atomic force microscopy was used to characterize wafers. This 

research work is an attempt to develop functionalized abrasives for targeted CMP 

application.
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CHAPTER 5 
CONCLUSION 

The synthesis of finely tuned nanoparticles for various CMP applications has lead 

to advanced circuit designs and multi level chip manufacturing. As copper interconnects 

are replacing aluminium in a fast pace these days and different low-k dielectric materials 

developed for multilevel designs, critical understanding on CMP polishing of these 

materials is necessary. The whole semiconductor industry has benefited from the 

development of CMP process and its integration in main stream semiconductor 

processing in a big way. CMP consumables have become an independent market now-

a-days. Abrasives particles are nearly fined tuned and synthesized in large quantity for 

targeted application. One such attempt has been made in this thesis work to synthesis 

finely tuned silica particles for CMP of Copper films and low-k dielectric materials. 

According to experiments and discussions in previous chapters, the following 

conclusion for the thesis could be summarized:  

• A simple and one-pot synthesis technique developed to synthesis Core/Shell silica 
particles with hard core and microporous shell. 

• The specific surface area and total pore volume of the particles ranged 37-72 m2/g 
and 0.233-0.776 cm3/g respectively as measured by N2 adsorption/desorption 
technique. 

• The surface morphology of the particles studied well using high-resolution 
transmission electron microscopy (HR-TEM) and clear distinction between core 
and shell observed. 

• Chemical Mechanical Polishing successfully performed on copper wafer and low-k 
dielectric material such as black diamond using core/shell silica particles and 
commercial non-porous silica particles 

• The core/shell silica slurry produced higher removal rates and better surface finish 
in CMP polishing of Cu and black diamond wafers, compared to that of non-porous 
silica slurry
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