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ABSTRACT 

The Chemical mechanical planarization (CMP) process is critical in fabricating 

ultra large scale integrated (ULSI) circuit devices in semiconctor industry. In a typical 

aluminum damascene interconnect scheme, A1 is usually blanket deposited over a liner 

layer to fill contact holes and vias. After deposition, the excess of A1 is removed by CMP, 

leaving A1 only in the holes and vias to form interconnects. Since the slurries used for 

aluminum CMP typically contain an oxidant and other chemical additives, the 

electrochemical behavior of A1 and the liner may be expected to affect the polishing rates. 

In addition, when the excess of A1 is removed, a surface transition from A1 to liner occurs. 

Since A1 and the liner may exhibit different electrochemical behaviors in the slurry, 

galvanic coupling between A1 and the underlayer is a possibility. Such a coupling may 

lead to localized corrosion or rate control problems. 

The objective of this research was to characterize the fundamental electrochemical 

behavior of thin aluminum-0.5%copper, titanium and aluminum/titanium stack films 

before, during and after abrasion in a commercially available alumina based slurry 

containing iodate as an oxidant. A special apparatus in which electrochemical tests can be 

carried out during polishing was fabricated and used for this research. 

It was found that the electrochemical corrosion rates during abrasion were much 

smaller than the actual polishing rates obtained with the simulated CMP apparatus, 

indicating that the mechanism of A1 removal by the iodate based slurry may not be 

dominated by electrochemical factors. 
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A sharp rise in corrosion potential (Econ-) during the transition from A1 to Ti film 

was measured during polishing of the Al/Ti film stack. This potential change during 

transition was of the order of IV on the A1 film deposited at room temperature. The 

transition was much sharper with the low-temperature (25 °C) A1 film than the high-

temperature (475 °C) A1 thin film. The slower transition in OCP in high-temperature 

films is most likely due to a Ti-Al intermetallic compound formed at the Al/Ti interface. 

The galvanic corrosion between A1 and Ti during polishing and A1 post-polishing 

corrosion issues were also investigated. It was found that the galvanic corrosion rate 

between A1 and Ti is 6 * 10"^ A/cm~ and the corrosion potential is -0.24 V. Also, the 

corrosion current density for A1 after abrasion and immersion in de-ionized water is lower 

than that in the slurry. 

In addition, the post polishing corrosion of A1 in after abrasion in the iodate based 

alumina slurry was also investigated. It was found that the corrosion of A1 in DI water 

after abrasion was insignificant. 
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CHAPTER ONE 

INTRODUCTION 

There is intense competition among chipmakers to develop integrated circuits (ICs) 

with improved performance and lower manufacturing cost. Currently lower cost is 

achieved by increasing the density of circuits on a chip which requires fabrication of very 

small features. The Semiconductor Industry Association (SIA) Roadmap has set a target 

for the minimum feature size on a computer chip at 0.18 fim or below by the year 2001, 

which means there will be 10 billion transistors on a 1 cm" chip [1.1]. Additionally, in 

order to decrease the resistance-capacitance (RC) time delay, utilization of a combination 

of low resistivity metals (A1 and Cu) and low dielectric constant interlevel dielectric (ILD) 

materials is also needed [1.2]. 

As one of the key processes in fabricating ULSI devices, metallization typically 

consists of covering the wafer with an insulator, patterning and etching contact openings in 

the insulator in a specific configuration, and then depositing and defining a metal layer to 

form both the contacts and the interconnecting leads. As the minimum feature size is 

reduced and the device dimensions shrink, so does the depth of focus of the lithographic 

tools. This sets a limit on the allowable wafer topography, which requires sophisticated 

methods to planarize the wafer surfaces prior to the subsequent thin film processing steps. 

In addition, shrinkage of the feature size and the subsequent increase in chip 

density necessitates the use of multilevel metallization systems, allowing for wider 

interconnect layer dimensions and shorter interconnect lengths, leading to lower 
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interconnect delays [1.2]. Currently the leading edge devices have 6-7 layers of 

interconnects which could increase to 10 or more in the next 20 years [1.1]. As the 

number of interconnect levels increase, topographic variation, which builds up with each 

level, becomes severe. Thus the surface must be planarized at each level to prevent die 

loss. 

Several techniques have been utilized to achieve a planar wafer surface. Typical 

planarization methods include spin-on glass and etch back, bias sputtering, and selective 

metal deposition. However, these techniques are not good enough to provide the required 

planarity for next generation devices requiring local planarity of microns and global 

planarity of millimeters. In order to decrease the total delay and lower the process cost, 

new device fabrication processes must be developed to meet the requirements in next 

generation IC manufacturing. Chemical Mechanical Planarization (CMP) has emerged as 

the only cost-effective method for achieving both global and local planarities required for 

multilevel metallization. 

The technology of chemical mechanical planarization process is developing at a 

much faster rate than is understanding of the fundamentals by which this technique 

provides planarization. The lack of a fimdamental scientific understanding of the 

planarization mechanism is undoubtedly an obstacle to process optimization. A better 

understanding of the fundamental mechanisms of the process will greatly improve 

application of the CMP process in the manufacturing environment. 

This dissertation describes fundamental investigations carried out to characterize 

electrochemical phenomena involved in the chemical mechanical planarization of 
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aluminum thin films. In chapter two, the background of the CMP process, the chemistry 

and electrochemistry involved in the CMP process and some electrochemical methods are 

reviewed. A description of the experimental procedures used in this study is provided in 

chapter three. The major results of this investigation are presented and discussed in 

chapters four through six. The conclusions drawn from this study are discussed in chapter 

seven. 
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CHAPTER TWO 

BACKGROUNND 

This chapter will describe the basic concepts of Chemical Mechanical 

Planarization (CMP) processes, including the chemical and electrochemical aspects. 

Multilevel interconnect fabrication processes are introduced to explain the historical 

motivations for the CMP process. Then the major components of CMP, the mechanisms 

of and the models for the CMP process are discussed. After that, the chemistry and 

electrochemistry involved in CMP of aluminum are discussed. Finally, some of the 

fundamental electrochemical methods used in this research are presented. 

2.1 Multilevel Interconnect Fabrication Process 

Multilevel metallization is a fabrication scheme in which different levels of 

interconnection are isolated by a dielectric and contact each other through vertical vias that 

penetrate the dielectric. Metals used in semiconductor devices must satisfy many 

requirements to achieve desired circuit performance, reliability, and yield. Aluminum 

alloys and tungsten are the two most commonly used metals for interconnections and 

contact fills. Tungsten is commonly used to form local interconnects (contacts and vias), 

while aluminum is used to form both local and global interconnects. In DRAMs, 

aluminum is replacing tungsten interconnects. Copper is considered to be a candidate 

material for next generation devices due to its low resistivity. However, there are many as 

yet unresolved issues involved with microstructure control in the copper-based 
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metallization process [2.1]. So while advanced logic devices such as microprocessors and 

faster SRAMs will inevitably transfer to Cu-damascene processes within the next few 

years, aluminum-based interconnect, deposited by various means, will continue to 

dominate fabrication process for the next few years. Additionally, some advanced 

aluminum stacks are enabling performance improvements and lower manufacturing costs 

as the industry seeks to optimize back-end processes, the dominant process in VLSI 

manufacturing [2.2]. Most recently, the dual damascene aluminum process has been 

introduced for l-Gbit DRAMs due to its superior compatibility with previous technology, 

its material maturity, and limited contamination issues. 

Regardless of trend in materials selection, the damascene process is used most 

frequently to fabricate multilevel metal structures at the 0.25 um feature size and below. 

As an example, a simple aluminum damascene process is shown in Figure 2.1. 

First, complex circuit diagrams are transformed into patterns which are defined on 

the dielectric material (SiOi) on wafers by lithography. Photoresist is then applied so that 

the area where the SiOi should be removed are exposed and then etched to form holes and 

vias. Then, the metal layer (Al) is deposited to fill the vias and holes. Excess metal (Al) 

is removed by chemical mechanical planarization (CMP). After that, oxide may be 

deposited for the subsequent process, which would also require the CMP process. 

The metal deposition process will greatly affect the physical and chemical properties 

of the metal deposited and play a very important role in the subsequent CMP process. The 

most widely used techniques to deposit aluminum metal films are Physical Vapor 

Eteposition (PVD) and Chemical Vapor Deposition (CVD) [2.3]. Vacuum evaporation. 



20 

Photo Photo
resist resist 

Oxide Etch Metal Deposition 

Chemical 
Mechanical 
Planarization 
(CMP) 

i 

Barrier Layer 
Ti orTiN 

Oxide Deposition, followed 
by etch and CMP... 

Si02 

Figure 2.1 Schematic of the aluminum damascene process 
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one of the traditional PVD methods, is performed by heating aluminum in an evacuated 

chamber at a temperature above its melting point (660 °C). The evaporated aluminum 

atoms then travel at high velocity in straight-line trajectories and deposit onto wafers that 

are placed normal to the trajectories. Typically a vacuum of 10"^ ~ 10'^ torr is required to 

reduce collisions of evaporated aluminum atoms with residual gas on their way to the 

wafers. The rate of evaporation is proportional to the equilibrium partial pressure of A1 at 

its evaporation temperature. Small amount of Cu (O.S-2%), which is usually added in to 

AI in order to minimize the electromigration effect, is evaporated at the same time. 

In a CVD process, aluminum is typically deposited from metal organic compounds. 

For example, aluminum can be made by thermal decomposition of tri-isobutyl aluminum 

(TIB A) above 220 °C [2.4]. The overall reaction is listed as follows: 

2A1(C4H9)3 ^ 2A1 + 3H2 + 6C4H8 (2.1) 

This reaction is performed in two steps. The first step at 150 °C gives 

[(CH3)2CH-CH2 }3AI ^ [(CH3)2CH-CH2]2A1H + (CH3)2C=CH2 (2.2) 

It is followed by decomposition at 250 °C giving 

2[(CH3)2CH-CH2]2A1H 2A1 + 3H2 + 4[(CH3)2C=CH2] (2.3) 

The surface is pretreated with TiCU to improve nucleation. Co-deposition of Cu 

with Al (which is used to reduce electromigration in aluminum) is difficult to achieve with 

TIBA. Instead, dimethylaluminumhydride (DMAH) has been used with an appropriate Cu 

organometallic compound to obtain the correct Al-Cu composition [2.5]. 

In aluminum metallization, a thin liner film between the AI and the dielectric 

material (Si02) is typically deposited to provide a barrier to aluminum diffusion through 



Si02 and enhance the adhesion between the A1 and SiOa. The most frequently used liner 

materials are Ti and TiN. Ti is typically deposited at a low temperature (-175 °C), 

followed by the deposition of Al, which is usually carried out at a higher temperature 

(~S00 °C). Aluminum and titanium form an intennetallic compound, TiAl3, at high 

temperatures (> 400°C) which ensures good adhesion between the Al and Ti. 

After titanium and aluminum deposition, excess metal must be removed using 

CMP process, leaving metal only in the vias and holes to form the interconnects. 

2.2 Chemical Mechanical Pianarizatioii (CMP) Process 

Chemical Mechanical Planarization (CMP) is a technology to flatten or smooth 

uneven surfaces with the aid of both chemical and mechanical forces. It has been used to 

produce optically flat glass and semiconductor surfaces for many decades. The utilization 

of CMP process for the fabrication of very large-scale integrated (VLSI) circuits was first 

used by IBM in the early 1980s [2.6]. Most recently CMP has become one of the fastest 

growing segments of the semiconductor equipment and consumables market. 

2.2.1 Planarity Requirements for Multilevel Metallization 

The uniqueness of CMP is that it is the only viable technology to achieve both 

local and global planarity, which is critical for multilevel interconnect fabrication. There 

are three degrees of wafer planarity [2.7], which are shown in Figure 2.2: (i) surface 

smoothing, where feature comers are smoothed, (ii) local planarity where surfaces are flat 

locally but the surface height may vary across the die, and (iii) global planarity where the 



2.2.1 Pianarity Requirements for Multilevel Metallization 

The uniqueness of CMP is that it is the only viable technology to achieve both 

local and global pianarity, which is critical for multilevel interconnect fabrication. There 

are three degrees of wafer pianarity [2.7], which are shown in Figure 2.2: (i) surface 

smoothing, where feature comers are smoothed, (ii) local pianarity where surfaces are flat 

locally but the surface height may vary across the die, and (iii) global pianarity where the 

surface is flat across the entire stepper field. The measurement of pianarity is shown 

schematically in Figure 2.3. The planarization relaxation distance (R) is defined as 'The 

distance traveled over a step, whereupon the original step height, topography, or depth of 

field (T) returns." [2.8]. The planarization angle is given by 

e = tan ' (T/R) (2.4) 

Values of planarization relaxation distances and angles for surface smoothing, 

local planarization, global planarization are shown in Table 2.1 [2.7]. The maximum 

variation in topography (or the step height) is reduced by the planarization process. This is 

called the step height reduction and is defined as: 

SHR= l-Tpos. /Tp„ (2.5)  

where Tpn; and Tposi are the step heights before and after the planarization process. Ideally 

speaking, the SHR should be equal to 1. The rate at which the surface is planarized by 

CMP can be expressed as the difference between the polishing rates of the high and low 

features, where the polishing rate is the thickness removed per unit time. Each of these 

sets of metrics, R, 0, SHR and planarization rate are all required to completely describe the 

CMP process [2.7]. 
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Figure 2.2 Degrees of surface planarity; a) unplanarized, b) surface smoothing, 
c) local planarization, and d) global planarization [2.7] 



Figure 2.3 Measurement of planarity [2.8] 

Table 2.1 
Degree of planarity [2.7] 

Planarity R (|im) 6 

Surface smoothing O.l - 2.0 > 30° 

Local Planarization 2.0 - 100 30° — 5° 

Global Planarization >100 < 0.5° 
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2.2.2 CMP Tools 

Figure 2.4 shows a schematic sketch of a CMP tool. In a CMP process, the wafer 

sample carried by a rotary wafer-carrier is polished against a pad, which provides support 

against the wafer surface. An aqueous slurry, containing abrasive particles, chemicals and 

other additives, is dispensed between the wafer sample and the pad and forms a thin layer 

on the pad. The CMP tool uses orbital, circular and lapping motions to planarize the wafer 

surface. New-generation CMP tools which involve of linear motion of the pad are being 

actively investigated for chemical mechanical polishing. 

There are three main components in the CMP process, the wafer surface to be 

polished, the pad and the slurry. The abrasive particles and the chemistry remove 

unwanted material in an extremely controlled and consistent way without leaving 

scratches. The pad delivers fresh slurry to the wafer and removes some of the residue, and 

the tool brings the pad and slurry together. The temperature, load, relative velocity of the 

wafer surface being polished with respect to the rotating pad and post-CMP cleaning are 

all important parameters that can affect the polishing rate and the final quality of the 

polished surface. For a typical CMP process, the down force applied is - 5 - 7 psi, platen 

speed is ~ 30 - 60 rpm and the carrier speed is - 10-40 rpm. 

2.2.3 CMP Models 

Although CMP is widely used as a critical processing step, the mechanism of 

material removal is not well understood. From a fundamental prospective, the CMP 
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Figure 2.4 (a) Schematic of a CMP tool (b) Schematic 
view of a wafer-slurry-pad system 
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process involves the combined action of corrosion chemistry and mechanical abrasion. 

However, the interplay between chemical action and mechanical removal is complicated. 

Material removal in the CMP process depends on a series of factors such as solution pH, 

oxidant type and concentration, abrasive type and size, pad material, load and relative 

velocity between the wafer and the polishing pad, etc. Current efforts in CMP modeling 

can be divided into two groups. The first group deals with CMP modeling based on the 

stress/strain distributions that exists in the pad-slurry-wafer system. The second group 

considers the chemical and tribological aspects of CMP. In the following discussion, 

some existing CMP models from these two groups will be reviewed and discussed. 

For the models in the first group, one of the earliest and most frequently referenced 

models for polish rate is Preston's Equation, which was first proposed empirically by 

Preston [2.9] and later developed analytically by Brown et al. [2.10], According to 

Preston's equation, the removal rate is given by: 

R = AH/At = KpP As/At (2.6) 

where R is the removal rate, AH is the change in the thickness of the surface. At is the 

elapsed time, P is the pressure arising from the load applied to the water, As/At is the 

linear velocity of the pad relative to the wafer and Kp is the Preston coefficient. In reality, 

Kp is a function of a number of parameters, such as the elastic properties of the abrasive 

oxide and the pad, contact area between the pad and the wafer, viscosity of the slurry, 

applied load, and the relative speed of the wafer. According to Equation (2.6), the removal 

rate is directly proportional to both the pressure and the velocity of the pad relative to the 

wafer. Preston's equation has been used with some success to model overall material 
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removal rate, however, it fails to provide a robust model for a wide range of process 

parameters. 

Cook [2.11] has reviewed the mechanics of the polishing particles and chemical 

reactions in the process of glass polishing. He proposed that the removal rate is inversely 

proportional to the modulus, E, of glass, and the removal rate is assisted by the chemical 

reaction of water in the slurry with silicon oxide. Cook also pointed out that the calculated 

values of K differ from experimentally determined values by at least an order of 

magnitude. In response to this discrepancy. Cook proposed a model that accounts for the 

chemistry of the slurry and the chemically active nature of the colloid. Cook's model is 

based on glass polishing and may be applicable to CMP for bare or oxide coated silicon 

wafers. 

Since the implementation of oxide CMP, the number of proposed material removal 

models has increased at a rapid rate. For example, Shi and Zhao have proposed a model 

that assumes particles embedded into the soft polishing pad [2.12]: 

PR = KP^V (2.7) 

This indicates a nonlinear pressure dependence of the polishing rate. A schematic 

diagram is shown in Figure 2.5. It can be seen that the fundamental mechanism of the 

pressure dependence for CMP with a soft pad is completely different from that with a hard 

pad. The new model provides an important starting point for elucidating the other as 

aspects of the CMP process including the pattern-density dependence of the planarization 

rate. 
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Figure 2.5 Oxide CMP model proposed by Shi and Zhao 
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Stein reviewed most of the oxide CMP models and did an experimental analysis on 

some polish data obtained from over 200 wafers (5 types of oxide and 5 slurries) [2.13], 

The empirical forms of the mechanisms were discussed (See Figure 2.6 for an example). 

It was shown that polish rate increased linearly with the product of pressure (?) and 

velocity (v). 

Very recently, Sukharev [2.14] considered modeling the polishing process by 

surface atom dissolution enhanced by mechanical stress. This approach is based on a 

double kink mechanism of nuclei formation and growth. In this model, a polishing 

process is described as resulting from formation of a critical size pit on the surface terrace 

by means of the dissolution of a group of atoms enhanced by the applied mechanical 

pressure. It is followed by growth of the freshly nucleated pit by means of a step edge 

motion initiated by the stress enhanced dissolution of any step edge atom and followed by 

the fast dissolution of the newly formed comer atoms. This mechanism is described as 

formation of a double kink site at the step edge, followed by motion of the single kinks. 

This model takes both chemical and mechanical actions in the CMP process into account, 

however, no direct eiectrochemical experiments were performed to verify this model. 
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P*v summarize by Stein et.al. [2.13] 



33 

2.2.4 CMP consumables: Pad and Slurry 

During CMP, there is intimate contact between the pad and the high spots of the 

unplanarized wafer with a specific type of slurry well distributed between the wafer and 

the pad. Both the surface properties of the pad, the wafer, the particles in the slurry, and 

the chemistry of the slurry chemicals and the wafer surface are very important in 

determining the polishing rate and final planarity. Since pad and slurry are the two 

important consumables in a CMP process, they will be described in details in the 

following paragraphs. 

2.2.4.1 The CMP Pad 

The purposes of a CMP pad are to 1) provide a mechanical support for the wafer to 

be planarized; 2) guide and control slurry flow and transmit load forces evenly to the wafer 

being planarized, and 3) remove reaction products from the wafer surface [2.15]. 

Typically the polishing pads for CMP are made from polyurethane. The urethane-

based polymers have gone through appropriate processing (curing, etc.), to ensure 

adequate cross-linking and structural integrity, resulting in consistent and stable material 

[9]. The pads can be made with different porosity and with different groove patterns and 

densities. A cross-section of a polyurethane pad is shown in Figure 2.7. 



Figure 2.7 A SEM picture of new Rodel pad (Rodel's Suba FV) material [2.16] 
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There are three categories of urethane pads: (1) impregnated felt substrates (coagulated 

urethanes in the fiber matrix), (2) blown foam materials (hard, sponge-like frameworks 

which may includes abrasives or reinforcing fillers) and (3) napped poromerics (porous 

urethane layers on supporting substrates). The first two are usually used for stock removal 

or rough polishing. The third typ)e is designed for only small amounts of surface 

irregularity and is most often used for the final step [2.16]. Stacked pads are usually used 

in CMP. Stacked pads consist of a soft pad on the bottom and a hard pad on the top. For 

buffing purposes, pads with napped poromerics structures are typically used. Very 

recently, abrasive pads were being actively investigated where abrasive particles were 

embedded in a matrix material. 

The physical properties of the pad that are expected to have an influence on 

polishing responses are hardness, stiffness, compressibility, surface topography, density, 

tensile strength, elongation, tear strength, and other viscoelastic properties [2.17]. Table 

2.2 lists several important properties of four typical polishing pads (all manufactured by 

Rodel) [2.18]. 

Table 2.2 Pad properties [2.18] 

Pad Specific Gravity Compressibility Hardness 

Suba IV OJ 16% 55 (shore A) 

Suba 500 0.34 12% 65 (shore A) 

IC-60 0.7 N/A 52-60 (shore D) 

IC-1000 0.6-0.8 5% N/A 
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The bulk and surface mechanical properties required for a CMP pad are defined by its 

primary application. Since aluminum is a somewhat softer metal, and easily scratched, an 

optimum pad should be softer than say an oxide CMP pad, but hard enough to remove the 

oxidized aluminum. Along with the hardness of the pad, other properties such as stiffness 

need to be adequately high to yield good planarity on device wafers. 

Other important requirements of a pad are polishing lifetime, rate stability, 

consistency, shelf life and manufacturability. During polishing, the surface of the pad 

deforms and becomes smoother, and the pores will fill with pad material. In order to 

maintain the roughness and porosity of the surface, pad conditioning is commonly 

performed to remove the polishing by-products, used slurry, and deformed pad material, 

since the pad surface is abraded during this process. 

A fixed abrasive pad began testing recently [2.19], However, these materials still 

need much improvement in order to meet current and future performance needs. 

2.2.4.2 CMP Slurries 

The primary purpose of a CMP slurry is to provide (1) chemical activation, (2) 

abrasion, and (3) control of surface quality. The extent of oxidation and/or hydrolysis of 

the surface material is governed by the slurry chemistry. The factors such as pH, the nature 

of the oxidant and the use of additives such as surfactants will have a direct effect on the 

removal rates and selectivities, and indirectly influence dishing (a reduction in the 

thickness of a large metal feature toward the center of that feature), erosion (the thinning 

of oxide and metal in a patterned area), planarity and slurry (colloidal) stability. The other 
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important component of the slurry is the abrasive. The type, size, and shape of these 

particles will directly affect removal rates, surface roughness, planarity, post-CMP defects 

(particle retention), and particulate contamination. 

For oxide CMP, slurries are typically composed of 5 to 30 percent (by weight) of 

fumed silica suspended in an alkaline aqueous solution at a pH of about 11. The mean 

diameter of the silica particles ranges from 150 to 250 nm. The oxide CMP slurries are 

generally either ammonium hydroxide or potassium hydroxide based. Ammonium 

hydroxide based rather than potassium hydroxide based slurries are typically used for post-

CMP cleaning application. Removal rates in oxide CMP are typically in the range of 1000 

to 4000 A/min [2.20, 2.21]. 

For metal CMP, alumina or silica based slurries can be used. Alumina slurries are 

typically composed of about 6% (by weight) fumed alumina dispersed in an acidic aqueous 

solution. Alumina is preferred over silica due to the high selectivity of alumina based 

slurries for metal versus the oxide layer. Alumina particles in metal CMP slurries typically 

have mean diameters ranging from 100 to 300 nm. Metal CMP slurries contain 2 to 5 % 

(by weight) of a strong oxidizer (or two mixed oxidizers) such as potassium iodate, ferric 

nitrate, hydrogen peroxide or ammonium persulphate. For copper CMP, a hydroxylamine 

salt can be used as an oxidant in a silica based slurry [2.22]. Either one component 

(oxidant premixed) or two component (slurry and oxidant separate) formulations are used. 

Iodate based slurries are typically one component. 

The role of the oxidizer(s) in the metal CMP slurries is to rapidly oxidize the 

freshly abraded metal surface during polishing and thus enhance the polishing rate of the 



slurry. Additionally, complexing agent(s) may be used to enhance the polishing rate and 

lower the tendency for particulate contamination from the polishing slurry. Furthermore, 

corrosion inhibitors, such as benzotriazole (BTA) are usually used in Cu CMP slurries to 

prevent dishing, which is a reduction of thickness of a large metal feature toward the 

center of that feature, by protecting the lower features while the higher features are being 

polished. Removal rates in metal CMP can range from 2000 to 6000 A/min [2.23]. 

2.2.5 Advantages of CMP 

The major performance advantage of CMP is that it offers the global planarization 

required for multilevel sub-quarter micron metallization. Furthermore, there arc also some 

cost advantages to using CMP. With ever decreasing feature size, the process complexity 

increases. This will require maiiy planarization schcmcs that will subsequently increase 

both cost and defect densities. For example, some non-planarity defects such as metal 

stingers usually form when the thick metal film at the edge of a step is not completely 

etched, and poor step coverage is eliminated by global planarity. Since CMP levels the 

surface, it is also able to remove particles from previous processing steps. Reduced defect 

densities can be translated to increased yield and decreased die cost. 

2.2.6 Disadvantages of CMP 

There are some disadvantages of the CMP process. It is a relatively new process 

and still needs optimization. Due to the relative immaturity, process windows are narrow 

and an increased level of wafer metrology is needed to obtain the desired results. Pattern 
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geometry effects result in narrow process windows which increase the cost of circuit 

design [2.24]. Additionally, there are also some potential defect issues related to the CMP 

process. Stress cracking, scratching from abrasives, residual abrasive particles, 

delamination at weak interfaces, corrosive attack from the slurry chemicals, and cross 

wafer oxide thickness variations are all possible CMP induced defects that must be well 

controlled [2.25]. However, with increasing investment in research and development in 

the CMP area recently, this process has been improving immaturity. 

2.3 CMP of Dielectrics and Metals 

2.3.1 CMP of Oxide, Silicon and Low-k Materials 

The chemical mechanical polishing of silicon is typically carried out in an alkaline 

(pli 10 ~ 11) slurr>' with colloida.1 silica abrasives. The following overall reaction was 

found for the chemical dissolution reaction for Si in both water [2.26] and in concentrated 

potassium hydroxide solution [2.27] 

Si + 2H20 + 20H' • H2Si04-+2H2t (2.8) 

This reaction becomes extremely slow at a pH below 11 since silicates form coherent 

oxide layers at low pH. Heyboer et al. [2.28] performed electrochemical investigations on 

silicon polishing in aqueous silica suspensions with a pH of about 10. They found the 

measured electrochemical dissolution rate of silicon to be 1 to 2 (jA/cm" in the absence of 

abrasion. During abrasion by using a stacked polyurethane polishing pad, the 

electrochemical dissolution rate of silicon increased to 70 pA/cm", corresponding to a 

removal rate of 18 A/min. The measured dissolution rate is much smaller than the 
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polishing rate of - 5 ^m/min. They proposed that the silicon polishing process takes place 

in a series of steps. The SiOi slurry chemically attacks the wafer surface, converting the 

top layer of the silicon to complex hydrated silicates. This hydrated film is removed by the 

mechanical action of the abrasives and a fresh silicon surface is again exposed for attack 

by the polishing slurry. 

Similar to silicon polishing, silicon oxide polishing is typically performed at 

alkaline pH values (- 11). Much of the current understanding of oxide CMP fundamentals 

is derived from the studies of glass polishing used for optical lens preparation since silicon 

oxide used in IC fabrication is a form of silicate glass. It has been demonstrated that water 

is important to the polish mechanism because it provides a chemical component of the 

polish [2.29]. Water entr)' into the oxide surfacc weakens the glass network by breaking 

Si-O bonds and subsequently rcduccs the hardness of the glass surfacc. Topically the 

interaction reaction of Si-O and water is: 

E Si - O - Si = + H2O •• 2 = Si - OH (2.9) 

Water diffusion into the oxide will result in the breaking of the Si-O bonds within the 

hydrated layer and forming Si-OH. Once all of the Si-O bonds for a given Si atom are 

hydrated, Si(OH)4 is formed which is highly soluble in water at high pH (>10). Reaction 

(2.2) can be accelerated by the compressive stress imposed onto the oxide surface by 

abrasive panicles. Typically, at the leading edge of the particle, compressive forces on the 

surface produce net dissolution of silica (as Si(OH)4, HaSiO/, etc); while at the trailing 

edge of a particle, relief of hydrostatic pressure, combined with strong tensile stresses on 

the surface cause reprecipitation of dissolved silica. The above three steps are repeated till 
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the overabundance of the oxide film is polished. Abrasive particles used for oxide 

polishing are Si02, Ce02, Mn203, MnOi, etc. Colloidal or fumed silica is the most 

frequently used abrasive particle. Generally the oxide removal rate is in the range of 2000 

to 3000 A/min for KOH or NH4OH based fumed silica slurries at pH about 11. To 

achieve oxide to nitride selectivity in shallow trench isolation (STI) applications, mixed 

CeOi/SiOi slurries are being considered while MnOi slurries are being investigated for the 

CMP of fluorinated carbon (FC) materials [2.30]. 

2.3.2 CMP of Metals 

2.3.2.1. CMP of Tungsten Films 

The CMP of tungsten films is typically carried out in acidic slurries containing 

alumina or silica abrasives, and an o.xiJant such as ferric nitrate, hydrogen peroxide or 

iodate salts. Typically the tungsten removal rate is in the range of 2000 to 6000 A/min. 

Kaufman et al. proposed a typical mechanism for tungsten removal during CMP in 

1991 [2.31]. They studied the CMP tungsten films in a slurry solution using potassium 

ferricyanide as an oxidant, ethylene diamine as a complexing agent, and KH2PO4 as a pH 

buffer (pH ~ 6). It was proposed that two competing reactions were occurring during 

tungsten CMP, which are shown as follows: 

W + 6Fe(CN)6^* + 4H20 —• W04-'+ 6 Fe(CN)6"^ + SET (etching) (2.10) 

W + 6 Fe(CN)6^' + 3H2O —• WO3 + 6 Fe(CN)6'^ + 6Y{^ (passivation) (2.11) 

Tungsten removal during CMP was proposed to be by continuous oxidation of the 

tungsten surface and subsequent mechanical removal of the oxidation product by the 
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abrasives in the slurry. Figure 2.8 illustrates the sequence described by Kaufman et al. for 

tungsten removal during CMP. However, no electrochemical evidence was presented to 

justify the proposed mechanism of tungsten removal by oxidation and removal of 

oxidation product. 

Recently, several electrochemical investigations on CMP of tungsten have been 

reported [2.32, 2.33]. Kneer et al. [2.33] performed an electrochemical investigation on W 

thin films abraded in several different slurries. It was found that tungsten removal during 

CMP was not by the removal of the oxidation product and most of the tungsten may be 

removed in the form of metallic tungsten. Kneer [2.34] proposed that the mechanism 

might be preferential corrosion and cyclic stresses due to polishing action, which could be 

closely linked to stress corrosion cracking (SCC). Kneer described a probable sequence of 

c\cnts leading to metal removal b}' iruciurc follows. First, prcferentiul corrosion at 

defect sites leads to the formation of crevices or recessed features with narrow tips where 

stresses could intensify. Then cyclic or periodic stress exerted by 

particle/surface interactions and hydrodynamic forces concentrate at the crevice tips which 

result in enhanced corrosion and cause cracks. After that, cracks propagate across the 

metal features and metal removal occurs by brittle or ductile failure; finally, the metal 

surface is smoothed by removal of passive oxide and/or by mechanical grinding. Similar 

results were found by in a study by Stein et al. [2.32]. In their study, CVD W film was 

abraded using a simultaneous polisher and electrochemical tester in a ferric nitrate or 

potassium iodate based alumina slurry. During abrasion at 6 psi and 0.33 m/s, the removal 
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Figure 2.8 Mechanism of metal CMP proposed by Kaufman et al. [2.31] 



44 

rate of W was about 1100-1600 A/min. The electrochemical dissolution rate was only 

about 10 A/min. 

23.2.2 CMP of Copper Films 

The CMP of copper films can be conducted in nitric acid (acidic), hydroxylamine 

(neutral) or NH4OH (alkaline) solutions in the presence of either alumina or silica 

abrasives. CMP of copper thin films has been investigated by a number of researchers 

[2.22, 2.3S and 2.36]. Typically the copper removal rate is in the range of 2000 to 6000 

A/min. 

Copper removal during the CMP process depends on the type of slurry and the pH 

of the slurry since copper will tend to form an oxide in the alkaline pH range and tend to 

dissolve in the acidic and neutral pH range. Carpio et a/.[2.37] conducted electrochemical 

measurements during the abrasion of copper working electrodes in both NH4OH (alkaline) 

and nitric acid (acidic) based slurries with alumina abrasives. In the case of NH4OH 

based slurries (pH 11.5), the chemical dissolution (23 A/min) conuibuted only a small 

fraction of the removal of copper (1500 A/min). However, in the case of nitric acid (5% 

HNO3) based slurries, the electrochemical dissolution of copper appeared to be the 

dominant mechanism of material removal. 

2.4 Aluminum CMP and Related Chemistry and Electrochemistry 

Al-based interconnects have been used in silicon ICs for many generations. Initially, 

pure A1 was used for interconnects in bipolar circuits. Typically small amounts (~ 0.5%) of 
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copper are added to aluminum (or Al-Si) in order to increase the electromigration lifetime. 

For a typical Al-based interconnect, there is usually a thin barrier layer of Ti (or TiN) 

added below the A1 layer, which prevents metallurgical interaction between the metal layer 

A1 and the insulator SiOa and also acts as an adhesion promoter [2.38]. During the CMP 

process, after the excess aluminum is removed and titanium is exposed, the chemical and 

electrochemical properties of the system are likely to change. The basic chemistry and 

electrochemistry of titanium will also be explained. In this section, some of the basic 

chemistry and electrochemistry of aluminum and titanium will be introduced and the A1 

CMP process will be reviewed. 

2.4.1 Aluminum CMP and its related Chemistry and Eictrochemmistry 

Aluminum polishing has changed markedly over the years as new processes have been 

developed and the cost has been reduced. Prior to A1 CMP, electrochemical brightening 

and chemical brightening were the two major methods of aluminum polishing [2.39]. 

These two techniques are still being used today to produce a truly specular finish on 

aluminum. Chemical brightening is more popular than electrochemical brightening due to 

its lower plant equipment and operational costs. 

The basic makeup of the chemical brightening bath, which has been used for more than 

30 years was established by Cohn [2.40]. This recipe consists of 85% fumace-grade 

H3PO4 and 5% (by volume) HNO3 plus minor additives in trace quantities. Satee [2.41] 

proposed a mechanism for the process that involved the production of a uniformly 
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distributed oxide coating over the entire aluminum surface, as shown as in the following 

equation: 

4A1 + 4HNO3 2 AI2O3 + 2 NO2 + 2 H2O + N2 (2.12) 

The aluminum oxide is inunediately dissolved by phosphoric acid, according to 

AI2O3 + 2 H3PO4 -> 2 AIPO4 + 3H2O (2-13) 

The equation for the overall reaction can be obtained by combining these two 

equations, expressed as follows: 

4A1 + 4H3PO4 + 4HNO3 4AIPO4 + 2NO2 + N2 + 8 H2O (2.14) 

The high concentration of phosphoric acid and low concentration of nitric acid 

guarantee that the rate of reaction (2.13) is greater than that of reaction (2.12). Heavy 

metal ions like Cu'"^ are usually added into the bath for the purpose of polishing rate 

control [2.42]. The polishing rate is controlled by the diffusion of nitric acid to the surface 

and the diffusion of aluminum phosphate away from the surface. Copper ions will be 

cathodically reduced and copper plates out in the aluminum grain boundaries, protecting 

them from further attack by nitric and phosphoric acids. 

The aggressive chemistries used for chemical brightening cannot be directly used in 

the chemical mechanical planarization process. This is mainly due to the requirement of 

both local and global planarity and to the fact that most brightening chemistries are 

isotropic. The requirement of very high removal rates under the application of stress also 

necessitates the use of particles in the chemical system. Additionally, in order to prevent 

corrosion of tools and other structures extreme slurry pH values are not applicable in the 

CMP process. 



us patent # 4, 944, 836 discusses the effect of acidic chemistries on Al-Cu and SiC^ 

films. The measurements discussed in the patent were made on a production type of CMP 

tool [2.43]. 

The slurries contained 1 gram of AI2O3 (60 nm particle size) suspended in 1.1 liter DI 

water, with a pH of 2.2 ~ 2.8, adjusted by sulfuric, nitric and acetic acid respectively. To 

test these slurries, polishing tests were conducted on an 18" diameter Straspaugh single 

sided wafer polisher and using commercially available Rodel 12 pad. Those tests were 

performed under polishing pressures of 2 to 8 psi with a slurry flow rate of 120 ml/min. 

Slurry compositions and the polishing rates for Al-Cu and Si02 for each specific slurry are 

tabulated in Table 2.3. The type of oxidant, specific polishing pressure and linear velocity 

were not listed in the Table. 

It can be seen from Table 2.3 that the removal rate for Al-Cu in the slurry containing 

only alumina and deionized water was only 300 A/min. This indicates that mechanical 

grinding alone could not achieve the desired polishing rate. The highest polishing rate for 

Al-Cu was obtained in the slurry containing alumina, DI water and acetic acid (HAc) at a 

pH of 2.8. However, the selectivity ratio 3:1 for Al-Cu to Si02 was low for this slurry. 

The slurry containing alumina, DI water and nitric acid had a removal rate of 1070 A/min 

and a high selectivity ratio of 13 : I. The high selectivity indicates that this slurry is 

suitable for polishing since the underlying SiOa can be utilized as a polish stop. It may be 

also noted that the polishing rates for the Al-Cu alloy in the last three slurries with their 

pH adjusted by H2SO4, HNO3 and HAc respectively, are much higher than that in the 
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Table 2.3 Performance of Al-Cu slurries based on 0.1% alumina-based slurries 
containing sulfuric, nitric, or acetic acids at pH 2.2 - 2.8 [2.43] 

Polishing Rate 
Slurry Composition. Al-Cu SiO^ Selectivity Ratio 

(A/min) (A/min) 

Alumina + DI H2O 300 300 1 : I 

Alumina +DI 
+ H2SO4, pH 2.2 

850 330 3 : 1 

Alumina + DI 
+ HNO3, pH 2.2 

1070 80 13: 1 

Alumina + DI H2O 
+ acetic acid, pH 2.8 

1500 425 3: 1 

"mechanical-action-alone" slurry. This indicates that both chemical action and mechanical 

action compensate each other to achieve a desired polishing rate. 

Aluminum CMP is typically performed in alumina-based slurries using either 

potassium iodate or hydrogen peroxide as an oxidant in an acidic pH range (pH - 4) [2.44, 

2.45, 2.34]. Yu et al. [2.44] proposed the following mechanism for a phosphoric acid-

hydrogen-peroxide-based chemistry for aluminum damascene applications: 

2Al + 3 H2O2 ^ AI2O3 + 3H2O -> 2A1(0H)3 (2.15) 

A1(0H)3 + 3H2O 2 A1(0H2)3(0H)3 (2.16) 

A1(0H2)3(0H)3 + 3H3PO4-> 2 A1(H20)6^^04^- ->A1P04 + 6H20 (2.17) 
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The hydrogen peroxide is believed to oxidize the metal, and the acid then etches the 

oxide while the sluny abrasive mechanically abrades the surface. Removal rates are 

quoted as 2,000 to 3,000A/min for an Al-l%Si-0.5%Cu alloy while no specific abrasive 

particle is recommended. This mechanism is similar to one proposed by Kaufman [2.31] 

for the tungsten CMP process, in which the metal (W) surface is oxidized first and the 

oxide layer (passive film) is then removed by subsequent mechanical polishing. 

Kneer [2.34] investigated the electrochemical behavior of Al-l%Si-0.5%Cu during 

abrasion in 0.1 M KNO3 (nitric acid based) slurries at pH 1.5 with the addition of peroxide 

and/or phosphoric acid. It was found that the polishing rates measured in small scale 

polishing experiments were typically at least 10 times greater than the dissolution rates 

measured for aluminum in an electrochemical polishing tool. This indicates that the 

primary mechanism for aluminum removal is mechanical polishing, not oxidation product 

removal. 

Very recently, Wrschka et. al. [2.46] did some XPS analysis on both unpolished 

and polished Al films and indeed detected the existence of Al oxide films on the Al 

surface after polishing. However, it is hard to tell whether this oxide layer was formed 

during polishing or during the cleaning procedure since those tests were performed after 

cleaning of the polished Al films. 

2.4.2 Chemistry and Electrochemistry of Aluminum 

Aluminum is the third most abundant element in the earth's crust. It is a silvery-

white, light metal, and a good conductor of heat and electricity. The electronic structures 
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and some other important fundamental properties of aluminum are given in Table 2.4 

[2.47], 

Table 2.4 Some Properties of aluminum [2.47] 

Density 2.699 g/cm^ 

Melting point 660.4 °C 

Boiling point 2500 °C 

Thermal conductivity 238.5 W/m«°K 

Specific resistance 2.66 nX2*cm 

Atomic radius 1.43 A 

Ionic radius of Al^* ion 0.57 A 

Ionization potentials 1": 5.98 eV; 2™": 18.82eV; 

3"*: 28.44eV; 4*: 119.96eV 

Al" —^ Al^* ionization energy 83 kcal/g-atom 

Young's modulus 10 » 10" psi 

Hardness (Mohs-scratch) 2-2.9 

Crystal structure FCC 

Elemental aluminum itself is metallic, but it is nevertheless on the borderline 

between ionic and covalent character in its compounds. Its atomic number is 13 and its 

atomic weight is 26.9815. The electron conHguration of the aluminum atom in the 

ground state is Is^s^p®3s~3p'. The three s- and p-electrons of the outermost shell are 
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the valence electrons, so that the maximum valence displayed by aluminum is +3. 

Aluminum exhibits only the trivalent state in its compounds and in solution. 

In acidic solutions, aluminum decomposes water with the evolution of hydrogen, 

dissolving as trivalent Al'^ (or A1(H20)6^"*^. In alkaline solutions, aluminum decomposes 

water with the evolution of hydrogen, dissolving as aluminate ions AIO2'. In non-

complexing solutions of pH roughly between 4 and 9, aliuninum tends to become covered 

with a protective film of aluminum oxide. 

Aluminum reacts vigorously with hydrochloric acid but other mineral acids like 

sulfuric acid and nitric acids have little corrosive action especially at their lower and 

higher concentrations. Cook et. al. /2.48] have reported that the corrosion rate of 

commercially pure aluminum (1100 alloy, 99.5% Al) is maximum in 20% nitric acid at 

room temperatiu^. The corrosion behavior of 1060 aluminum alloy (0.12% Si, 0.02% Fe, 

0.04%Mn, and Al remainder) was investigated by Singh et. al. [2.49] in different 

concentrations of nitric acid. Table 2.5 lists the dissolution rate, corrosion potential and 

limiting current density for Al in 1,5, 10, and 20% nitric acid (wt %) solutions at 25 °C. 

The corrosion rate of aluminum was found to increase with acid concentration in the acid 

concentration range of 0 to 20%. In the concentration range of 20-50% of acid, the alloy 

exhibited a slightly passivating tendency during the potentiostatic anodic polarization. 

The corrosion rate of aluminum was found to decrease in acid solutions in an acid 

concentration range of 70% or higher. 
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Table 2.5 A1 alloy 1060 dissolution rate and corrosion potential (vs. SHE) in nitric acid 

solutions at 25 °C [2.49] 

HNO. Cone. pH Corrosion Rate Corrosion Potential Corrosion Current 
% M 

pH 
(A/min) (V) (A/cm^) 

1 0.16 0.8 7.6 -0.502 5x 10"* 

5 0.79 0.1 15.2 -0.493 7x 10"^ 

10 1.58 - 19 -0.382 1 X 10'^ 

20 3.17 - 38 -0.217 1 X 10-^ 

The cathodic Tafel slopes estimated from the E>C cathodic polarization for A1 were in 

the range of 0.13 V/decade for 1% HNO3 to 0.1 V/decade for 20% HNO3. However, and 

anodic Tafel slopes were not reported in this work. Anodic and cathodic Tafel slopes 

were reported by Hurlen et. al. [2.50] in Tafel polarization tests for pure aluminum 

(99.998%) in an acetate solution at pH 3.7 and 5.7 and at 25 °C. The estimated Tafel 

slopes and corrosion current densities obtained in this study are given in Table 2.6. 

A corrosion rate of 0.2 A/min can be derived from the measured corrosion current 

densities. A dissolution rate of 48 to 580 A/min was reported for aluminum in aqueous 

solutions containing phosphoric acid in the range of 5 to 85%. For aluminum in aqueous 

alkaline solutions. Brown and Whitley [2.51] reported Tafel slopes of 0.16 V/decade and 

0.2 V/decade for pure aluminum (99.999%) in 1 M and 4 M KOH aqueous solutions, 

respectively. 
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Table 2.6 Tafel slopes and corrosion current densities for Ai (99.998%) measured in 

acetate solutions at pH 3.7 and 5.7 [2.50] 

Solution pH Pa (V/decade) Pc (V/decade) icotr (A/cm^) 

I.OMHAC + 0.1 MNaAc 3.7 0.25 0.17 1x10*^ 

0.1 M HAc + 1 M NaAc 5.7 0.27 0.14 0.75 x lO"® 

In the pH range of 4 to 9, aluminum is covered with a passive film of aluminum 

oxide. The properties of the passive aluminum oxide tllm have been well reviewed [2.53-

2.57], It was shown that the air-formed oxide is amorphous alumina, and is 20 to 40 A 

thick. Anodic oxide films consist of two layers, a porous, thick outer layer growing on 

an inner layer which is thin, dense, and dielectrically compact. The inner layer is often 

referred to as the active layer or barrier layer. This layer is very thin, usually between 0.5 

to 2.0% of the total oxide film. Its thickness depends on the composition of the electrolyte 

and the anodizing conditions. The outer layer is typically porous and can form in 

electrolyte solutions where the oxide is slightly soluble, such as solutions containing 

oxalic acid and sulfiuic acid [2.58], In practice, the corrosion behavior of aluminum is 

determined by the behavior of the oxide film (with which it is nearly always covered) 

towards the solution concerned. In contact with wet environments, the external side of 

the oxide film hydrolyses to produce hydrated oxides such as bayerite (Al203*3H20) 
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formed below 70 °C and boehmite (Al203*H20 or AlOOH) forms above 100 °C [2.59]. 

This oxide film is stable only in the pH range of 4 to 9. 

The barrier oxide Him formed on pure aluminum is perfectly insulating, which is no 

longer true when impurities came from alloy component [2.60]. The corrosion rate of 

aluminum typically increases with its increasing impurity content. Alloying element such 

as Li, Mg, Be and other elements, which are more active Oess noble) than aluminum, 

oxidize first, forming poorly protecting oxides at the extreme surface. On the other hand, 

alloying elements more noble than aluminum, present in solid solution or in the form of 

small coherent precipitates (size ~ 5 to 50 nm), produce a mixed oxide film. Additionally, 

pitting corrosion is generally found between aluminum and alloying elements which are 

more noble than Al. 

In severe corrosion environments, like other passive metals, aluminum is prone to 

localized corrosion, which results from a local breakdown of the oxide film. Two 

important forms of localized corrosion are pitting and crevice corrosion. Although the 

causes of these two phenomena may be quite different, the chemistry involved is similar. 

Pitting corrosion typically occurs in chloride containing and oxidizing electrolyte 

solutions and propagates from various metallurgical flaws or defects in the oxide film 

[2.61, 2.62]. Once there is a sufficient CI' concentration in the solution contained within 

the pit, a concentrated AICI3 solution within the active pits will be formed. This solution 

acidifies due to aluminum hydrolysis: 

Al^^ + 3 H2O A1(0H)3 + 3Fr (2.18) 



pH values of 3 to 4 have been measured experimentally within the active pits [2.63]. Such 

an acidity will in turn accelerate anodic dissolution, which will further lower the pH, and 

so on. Thus, pitting corrosion is considered to be an autocatalytic process, with its rate 

increasing as time passes. 

2.4.3 Stress Corrosion Cracking (SCC) of Aluminum Alloys 

Under applied or residual tensile stress, some aluminum alloys may crack 

transgranularly when exposed to certain environments. Burleigh [2.64] has published a 

thorough review of the mechanisms for stress corrosion cracking for aluminum alloys. 

There are three main theories as to why SCC occurs The first theory assumes that the 

cracking is due to preferential corrosion along the grain boundaries (anodic dissolution); 

the second theory postulates that atomic hydrogen is absorbed and somehow weakens the 

grain boundaries, which allows the cracking (hydrogen induced crackings; and the third 

theory attributes cracking to the rupture of a passive film along the grain boundary 

(passive film). 

It is generally agreed that SCC requires three conditions: (1) the alloy must be 

susceptible; (2) there must be a specific environment (water or saltwater for aluminum 

alloys); and (3) there must be a tensile stress. For example, properly processed 6061-T6 

and 3004 are generally considered immune. Additionally, SCC depends on the orientation 

of the grains within the specimen. The stress must be perpendicular to the grain 

boundaries so as to open them up. SCC is also a time-dependent process. Some alloys 



(7070-T6, for example), take a long time for the crack to initiate, but then the crack 

propagates very rapidly. There is some similarity between SCC and CMP since CMP 

process is process under some applied load (stress) which enhances material removal. 

2.43. Localized Corrosion of Al-Cu Thin Films 

Aluminum alloys have replaced pure aluminum thin films for interconnections in 

very large-scale integrated circuits to meet process and reliability requirements. 

Aluminum is often alloyed with Cu and/or Si. However, copper, due to its low solubility 

in aluminum (e.g., <0.1 wt% at 150 °C) readily forms an intermetallic compound (6-

AI2CU) that improves electromigration resistance but increases the metal's susceptibility 

to localized corrosion in the forms of pits - especially in processes containing halide ions 

[for example, in both wet chemical and dry etching processes] [2.65 - 2.67]. 

Pitting of aluminum and aluminum alloys has been investigated in neutral CI' 

solutions as well as solutions containing F, T and Br' [2.68-2.70] . The literature reports 

that many alloy additions with iimited solid solubility in aluminum promote localized 

corrosion [2.71, 2.72]. Precipitate phases are typically cathodic relative to pure aluminum 

which may enhance cathodic electron transfer reactions leading to galvanic coupling 

between the A1 matrix and the precipitates [2.71, 2.72]. 

Scully et al. [2.66] studied the localized corrosion of both sputter-deposited Al-

0.5%Cu alloy thin film metallizations and high purity aluminum foils in dilute (10'^ M) 

aqueous fluoride and chloride solutions. Micropitting was found on both aluminum and 



Al-0.5%Cu alloy thin films in dilute fluoride solution, as well as in dilute chloride 

solution. The pit size was larger on the alloy thin film which was due to the fact that 6-

phase AliCu precipitates in the alloy increase the pit density and the rate of pit growth 

compared to pure aluminum. The increase in the pit growth rate is related to the second-

phase particles, which shift the open-circuit potential and the cathodic polarization curve 

to more positive potentials. CO2 sparging of electrolyte solution inhibits the formation of 

pits on aluminum and Al-0.5% Cu alloy thin films exposed to dilute HF solutions. This is 

most likely due to the adsorption of an inhibitor, i.e., CO2 or the product of its reaction 

with the solution or metal surface, which limits F adsorption and prevents anion ingress 

into aluminum oxide and its transport to the oxide/metal interface. 

Missert et al. [2.70] studied the pit initiation mechanism in Al-Cu alloys. It is 

shown that 0-phase AlaCu precipitates initiate pitting in Al-Cu alloys and interconnects. 

Initiation of aluminum dissolution occurs at the perimeter of the precipitates and proceeds 

inward along the Cu/Al interface over micron length scale before dissolving a 0.2 ^m Al 

film thickness. SEM images of the surrounding Al matrix in the vicinity of the AI2CU 

precipitates show preferential partial dissolution of grains within a few microns of the 

precipitates perimeter. 
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2.5 Chemistry and Electrocbemistry of Titanium, and Intermetallic Compound 

Formation between Aluminum and Titanium 

2.5.1 Chemistry and Electrochemistry of Titanium 

Titanium is relatively abundant in the earth's crust. It is a light metal and a good 

conductor of heat and electricity. The metal has a hexagonal close-packed lattice and 

resembles other transition metals such as iron, nickel, etc., in being hard, refractory (m.p. 

1680 °C, b.p. 3260 °C) and a good conductor of heat and electricity. It is quite light 

(density = 4.54 g/cm^) in comparison to other metals of similar mechanical and thermal 

properties and resistant to certain kinds of corrosion. It has therefore come into demand 

for special applications in turbine engines, medical apparatus, etc. 

Titanium is the first member of the d-block transition elements. Its atomic number 

is 22 and its atomic mass is 47.867. The electron configuration of the titanium atom in 

the ground state is ls^s^p®3s"3p®3d^4s~. Titanium (IV) is the most stable and common 

oxidation state; compounds in lower states, -I, 0, II and m are quite readily oxidized to 

Ti*^ by air, water and other agents. The energy for removal of four valent electrons is so 

high that Ti'^ ion does not have a real existence and Ti*^ compounds are generally 

covalent in nature [2.73]. 

Similarly to aluminum, titanium is readily passivated in aerated aqueous solution, 

including dilute acid and alkali [2.74], In the passive state, titanium is covered with a 

nonstoichiometric oxide film, the average composition of which is Ti02 [2.75]. It 

dissolves in hot concentrated hydrochloric acid giving Ti(III) species, whereas hot nitric 
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acid convert it into a hydrous oxide which is rather insoluble in acid and base [2.75]. F 

ions, through their complexing action, cause the dissolution of the protective passive film, 

enabling displacement reactions to be obtained (for instance titanium in the presence of a 

solution of cupric fluoride [2.76]. Hydrofluoric acid, which is both non-oxidizing and 

complexing, can attack titanium even when its concentration is very low. Such media 

dissolve titanium and hold it in solution as fluoro complexes [2.77]. In the presence of 

very strong oxidizing solutions, such as hydrogen peroxide solutions, titanium will 

corrode [2.78]. 

Titanium is characterized by marked resistance to pitting and crevice corrosion. 

For example, in sea-water, which is a particularly dangerous media for most metals, 

titanium resists corrosion [2.79]. Resistance to pitting is accounted for by a very high 

critical pitting potential of about 12-14 V in dilute chloride solutions at room temperature 

[2.81, 2.82]. Pitting corrosion is observed at high CI' concentration (such as in 

concentrated CaCh solution) and elevated temperature [2.82]. 

Intergranular corrosion of titanium and its alloys occurs in fuming nitric acid at 

room temperature (3-16h tests) [2.83]. Similar corrosion of commercially pure titanium 

occurs in methanol solutions containing Br2. Ch or I2 [2.84] . 

Various titanium alloys including 8% Al, l%Mo, l%V-Ti (8-1-1) heated in air in 

contact with moist sodium chloride (e.g. from fingerprints) at 260 °C or higher, undergo 

stress corrosion cracking (or intergranular corrosion) usually along grain boundaries 

[2.85]. Brown et. al. [2.86] showed that titanium alloys in seawater despite otherwise 
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excellent corrosion resistance tend to undergo trangranular stress corrosion cracidng when 

a sharp surface flaw is present. Smooth specimens are resistant. 

2.5.2 Internietallic Compound Fonmitioii between Aluminiun and Titanium 

Aluminum and titanium are very likely to form intermetallic compound at 

elevated temperature. A typical Ti-Al phase diagram is shown in Figure 2.9. Ti-Al alloy 

composition for a specific Al-Ti ratio at a speciflc temperature can be found from this 

figure. 

In the process of forming an Al/Ti stack. Ti is typically deposited at a low 

temperature (-175 °C), followed by the A1 deposition at a higher temperature (-500 °C) 

to ensure good adhesion of A1 to Ti. From Figure 2.9, it is seen that the formation of 

titanium aluminide (TiAla) at the interface between A1 and Ti is very likely at this 

elevated temperature [2.87]. 

During CMP, the removal rate as well as the electrochemical behavior of this 

alloy may modify the sharpness of the electrochemical transition from A1 to Ti. One of 

the objectives of this investigation was to study the effect of intermetallic compound 

formation on the electrochemical characteristics of the transition from Al to Ti during 

polishing. 
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2.6 Electrochemical Methods 

Unlike oxide CMP, electrochemical reactions may be expected to play an 

important role in metal CMP. In this research, basic electrochemical techniques were 

used to investigate the fundamental electrochemical properties of aluminum thin films in 

iodate based chemical systems. Electrochemical methods measure the responses of a 

system to electrical simulation. The stimulation signals applied to the system, can be 

either direct current (DC) or alternating current (AC). 

2.6.1 DC polarization Techniques 

2.6.1.1 Corrosion Potential (Ecorr) Measurement 

When a thin aluminum sample is immersed in an acidic solution, aluminum is 

likely to dissolve and form aluminum ions. At the same time, ions may be reduced to 

hydrogen on the surface of the same sample. The reactions are listed as follows: 

A1 ^ Al^-'+3e- (2.19) 

2ir + 2e- ^ H2 (2.20) 

In Figure 2.10, two partial currents as a function of potential are schematically plotted. 

The potential developed at equilibrium is called the corrosion potential (Ecorr) or the open 

circuit potential (OCP). At this potential, the rate of anodic metal dissolution and that of 

cathodic hydrogen evolution will be equal. The anodic (ij and cathodic (ic) current 

densities are equal to each other and this is the exchange current density io. Additionally, 

the corrosion potential may be expected to lie between the reduction potential of E°ai^^/ai 
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and E°h^/h2- The net current density at the electrode-solution interface is given by the 

Buiter-Volmer Equation, relates the current density to exchange current density and 

overpotential. 

H /H2 
corr 

Potenti 
al(V) 

'corr 

Al /Al 

Figure 2.10 Schematic of Evans Diagram showing the current for aluminum 
dissolution and hydrogen evolution 

2.6.1.2 Buiter-Volmer Eqiiation [2.88, 2.89] 

The Buiter-Volmer equation describes the correlation between current response of 

an electrode under applied potential: 

i = ia - ic = io{exp(anFri)/RT) - exp[-(l-a)nFTi)/RT]} (2.21) 

Where io is the exchange current density, ia is the anodic current, ic is the cathodic current, 

a is the anodic charge transfer coefficient, T| is the overpotential which is the difference 

between the applied and open circuit potential, n is the number of electrons, F is 
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constant which equals to 96,480 C/equivalent, R is the gas constant, 8.314 J/mol*K, and 

T is the temperature in K. A typical plot for the Bulter-Volmer Equation was shown in 

Figure 2.11. 

According to equation (2.21), the relationship between current density and 

overpotential is not linear. However, at high voltages, when ti» RT/nF > 0, during the 

anodic polarization, ic is negligibly small in comparison with i,, thus the net current 

density (i) will be equal to the anodic current density: 

ia = io[exp(anFTi/RT)] (2.22) 

The net current density, at high cathodic polarization, will be equal to the cathodic current 

density, on the basis of the considerations analogous to those above; 

ic = ioexp[-(l-Ot)nFr|)/RT] (2.23) 

According to equations (2.22) and (2.23), at sufficiently high anodic and cathodic 

polarization, the net current density varies exponentially with the overvoltage and 

electrode overpotential. Transforming equations (2.22) and (2.23) into their logarithmatic 

forms and rearranging them properly, the correlation r| = f(i) can be obtained as follows: 

Tia= -[RT/(anF)llog(io) + [RT/(C3tnF)]log(i) (2.24) 

Tic= {RT/[(l-a)nF]}log(io) - {RT/[(l-a)nF)]}log(i) (2.25) 

where T)a and T^c are the overpotentials under high anodic and cathodic 

polarization conditions. Equations (2.24) and (2.25) can be re-arranged to give 

Tja — Pa log(icorr) + Pa log(i) (2.26) 

Tic = Pc log(icoiT) - Pc log(i) (2.27) 
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Figure 2.11 A typical current density vs. overpotential curve 
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where and Pc are the anodic and cathodic Tafei slopes respectively and icofr is the 

current density at equilibrium. In the case of small applied potentials, when the electrode 

potential differs only slightly from the equilibrium potential (T| « RT/nF), neither of the 

partial current densities is negligible compared to the other (see Figure 2.11 as well as 

equation (2.21)). Under such conditions, the cathodic and anodic net current densities in 

the vicinities of the equilibrium potential will be: 

Ti= iRT/(iozF) (2.28) 

Equation (2.28) indicates that close to the equilibrium potential the applied 

overpotential is linearly related to the net current density. The slope of the overpotential 

versus current density curve is called the polarization resistance, Rp. 

2.6.1.3 Tafel Plots 

Tafel polarization is typically used to measure the corrosion current density (icorr) 

so that the corrosion rate can be calculated. A Tafel Plot is made by performing a 

cathodic to anodic sweep from -250 mV to +250 mV (with respect to the corrosion 

potential, Ecorr. as shown as Figure 2.12) on a metal sample. Scan rates are generally 

between 0.1-1 mV/sec. However, higher scan rates may be required in some specific 

cases. The corrosion current density (icorr) is the current that flows due to chemical 

dissolution or passivation of the metal in the solution with no externally applied potential. 

The value of the current (icorr) can be obtained from a Tafel plot by extrapolating the 

linear portion of the curve to Ecorr. as shown in Figure 2.12. 
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Figure 2.12 A Typical Tafel Plot: the IXT current response of an ideal 
electrode under applied voltage (when IAE i > 30 mV) 
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The corrosion current density can also be calculated using the Stem-Geary Equation 

[2.90]: 

icorr = Ba6c/2.3Rp(Ba + Bc) (2.29) 

where Rp is the polarization resistance measured by linear polarization (description to 

follow) and Ba and Be are the anodic and cathodic Tafel slopes, respectively. The two 

Tafel slopes (B, and Be) can be calculated from the anodic and cathodic portions of the 

Tafel Plots. Generally, at least a decade of current where potential is proportional to log(i) 

is required for a well-defined Tafel region. 

2.6.1.4 Linear Polarization 

When the applied potential is very small (within ± 20 mV of Ecotr)< the corrosion 

response is linear with the applied potential, as shown in equation (2.27). A linear 

polarization plot is shown in Figure 2.13. The polarization resistance, Rp, determined 

from the slop of the E-i curve, is related to icoir by Stem-Geary equation (2.28), which is 

calculated by using the following equation: 

Rp = AE/Ai (2.30) 

The Rp value provides useful information about the relative ability of a material 

to resist corrosion. Since Rp is inversely proportional to the corrosion current, the higher 

the Rp value, the higher the corrosion resistance of the material. 



Rp = AE/Ai 

Figure 2.13 Linear polarization curve: the DC current response of 
an ideal electrode under an applied voltage (when I AEI < 20 mV) 
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2.6.2 Electrochemical Impedance Spectroscopy (EIS)) [2.91 ] 

Electrochemical impedance spectroscopy (EIS) is now well established as a 

powerful technique for investigating electrochemical and corrosion systems [2.92]. 

Because electrochemical impedance experiments provide data on both electrode 

capacitance and charge-transfer kinetics, EIS techniques can provide valuable 

mechanistic information. Compared to DC polarization techniques, EIS methods bring 

less perturbation to the electrochemical test system, which reduces errors caused by the 

measurement technique. The main advantage of EIS is that one can use a purely 

electronic model to represent an electrochemical cell. An electrode interface is typically 

analogous to an electronic circuit consisting of a specific combination of resistors and 

capacitors since slow electrode kinetics, slow rates of chemical reactions, and diffusion 

can all impede electron flow. Therefore, the electrochemical system in terms of its 

equivalent circuit can be characterized by taking the advantage of this analogy using 

established AC circuit theory. 

In EIS measurements, a sinusoidal potential perturbation of a very small 

amplitude (~5 mV) is applied as a function of frequency: 

E(t) = AEsin(27cft) (2.31) 

AE is the amplitude of the AC signal, f is the frequency, t is the time. 

The resultant current through the electrode is measured in the form of: 

i = Ai sin(27Cft + <p) (2.32) 

Ai is the amplitude of the current and (p is the phase angle. 
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Figure 2.14 shows a typical plot of a sinusoidal potential perturbation applied 

across the electrode and the resultant alternating current response shifted by a phase angle 

(p. The impedance Z is determined by the derivative of potential over current dE/di: 

Z = dE/di = Z'-jZ" (2.33) 

Where Z' is the real component of the impedance, and Z'' is the imaginary component of 

the impedance response of this circuit. 

(p = -tan'(Z'/Z") (2.34) 

The absolute magnitude of the impedance can be expressed as: 

|Z |  = (Z'^ + Z"^)"^ (2.35) 

In order to characterize the electrochemical behavior of an electrode system, the 

impedance responses of the electrode have to be measured over a range of frequencies. 

The data can be plotted in different forms. The Nyquist plot is the most widely used one. 

The imaginary component Z', versus the real component of impedance, at different 

frequencies is plotted on this plot. The electrochemical impedance of an interface can be 

obtained by using an equivalent circuit model. A simple Randies circuit is shown in 

Figure 2.15a. The circuit consists of a solution resistance in series with a combination of 

polarization resistance Rp and a double layer capacitance Cdi connected in parallel. The 

Nyquist plot for the impedance response of the Randies circuit is a semicircle as shown in 

Figure 2.15b. The value of the real part of the impedance at high frequencies is the 
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solution resistance, while at low frequencies the real part of the impedance is the sum of 

the polarization resistance and the solution resistance. From the Nyquist plot, the solution 

resistance Rsoi and the polarization resistance Rp can be easily determined from the 

intersections of the curve with the real axis. Cji is the so-called double layer capacitance 

which is quite independent of the any faradic reaction. 

Most often, the experimentally obtained plots are more complicated than the one 

shown on Figure 2.15b. Then, a physical model has to be proposed based on the structure 

of the interface. It is necessary to use some other electric circuit elements in order to 

describe the electrode system better. The most fr^uently encountered electrical circuit 

elements are listed in Table 2.7. 

From Table 2.7, it is noted that in addition to the basic elements of R, C and L 

used in electric circuit, two new elements, constant phase element (CPE) and Warburg 

impedance (W) are used in modeling. The CPE element is used to account for the 

depression of semicircles in the Nyquist plot. It is probably caused by the 

inhomogeneous surface states on the impedance response. The impedance of the CPE is 

given by: 

Z = [Yoa27Cf)"]-' (2.36) 

Where Yq is the general admittance function and n is an empirical exponent. For the case 

of n= O.S, an impedance relation known as Warburg impedance is applicable. This 

impedance is used to describe the effect of di^sion of reactants on the impedance 

response. 
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Table 2.7 Frequently used electric circuit elements for RIS techniques 

Circuit Element Symbol Impedance 

Resistor R R+jO 

Capacitor C 0-j l/(27cfC) 

Inductor L 0+j(27tfL) 

Constant Phase Element Q (or CPE) [Yo(j2JCf)°]*' 

Warburg Impedance W Rw-j I/(27CfCw) 

* 0 < n < 1. For n = 0, Q is a pure resistor Yo '; for n=l, Q is a pure capacitor l/[Yo(J27tf] 
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2.7 Objectives 

There were several objectives for this research project. 

1. Investigate the electrochemical behaviors of aluminum thin films in an iodate based 

alumina slurry using both DC and AC electrochemical techniques; 

2. Explore the possibility of using electrochemical techniques as an end point detection 

method; 

3. Study the effect of intermetallic compound formation on the electrochemical 

characteristics of the transition from A1 to Ti during polishing; 

4. Characterize the existence of galvanic corrosion, if any, between A1 and Ti in the 

slurry of interest. 

5. Explore the post-polishing corrosion issues for A1 CMP. 
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CHAPTER THREE 

EXPERIMENTAL 

3.1 MATERIALS 

3.1.1 Aluminum and Titanium Thin Films 

Alununum-0.5%Copper and titanium tliin films were provided by Micron 

Technology, Inc. Aluminum-copper thin films were sputter deposited on 200 mm silicon 

wafers with a silicon dioxide overlayer and a Ti adhesion layer. The following types of 

samples were used in this study: 

(a) 5000 A .\l-0.5%Cu films over 300 A Ti, with Al deposited at 475 °C 

(b) 900 A Al-0.5%Cu film over 300 A Ti, with Al deposited at 475°C 

(c) 5000 A Al-0.5%Cu film over 300 A Ti, with Al deposited at 25 "C 

(d) 7700 A Al-0.5%Cu films over 200 A TiN, with Al deposited at 475 °C 

(e) 600 A Ti films, deposited at 175 °C 

3.1.2 Slurries, Pads and other Chemicals 

The slurry used in the experiments was a commercially available alumina slurry 

with potassium iodate as an oxidant. This slurry was characterized by a pH of 3.8 and an 

oxidation/reduction potential of 0.75 V (w.r.t. SHE). The mean diameter of the alumina 

particles was 180 nm, as measured by Coulter Delsa 440 SX Zeta Potential and Particle 

Size Analyzer. The conductivity of the slurry was 18 mS/cm. 
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Rodel SUBA IV pads were used as the polishing medium. The Rodel Suba IV 

product is a polyurethane impregnated polyester felt, specially designed for stock removal 

in polishing operations which must yield a high precision surface. 

3.2 METHODS 

3.2.1 Apparatus for Carrying out Electrochemical Measurements 

An apparatus for carrying out electrochemical measurements before and during 

polishing was developed. A schematic of the polishing apparatus used in the 

electrochemical experiments is shown in Figure 3.1. The apparatus consists of a 

computer-controlled motor mounted on an adjustable vertical support. The polishing 

motor holds a Teflon® bit to the end of which is attached a piece of polishing pad, with a 

diameter of I cm. The wafer sample was mounted face up in a sealed Teflon® 

electrochemical cell and formed the woridng electrode. The sample was connected to the 

working electrode lead of the potentiostat via a carbon brush contacting a thin copper 

plate underneath the wafer sample. A saturated calomel reference electrode and a 

platinum (Pt) counter electrode were used to form a three-electrode system. The area of 

the A1 wafer sample exposed to the polishing slurry was approximately 3 cm~, as defined 

by a Viton® O-ring. The area abraded by the polishing pad was -1.5 cm". A load cell was 

mounted on top of the motor. During polishing, the motor assembly was lowered until the 

pad touched the sample surface. In this configuration, the pad rotated over the wafer 

sample under pressure. The polishing pressure was varied in the range of 0 to 10 psi. 
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During polishing, the wafer sample was rotated at 14 rpm and the pad rotation 

was varied in the range of 0 to 400 rpm. 

3.2.2 Sample Preparation 

Aluminum or titanium coated silicon wafers were cut into 28 x 28 mm dice for 

electrochemical measurements. A conductive nickel print (GC Electronics) was applied 

to the back and edges of the samples to provide electrical contact from the top of the 

metal film (exposed to the solution) to the working electrode lead of the potentiostat. A 

schematic cross section of the sample and the extent of abraded area are shown in Figure 

3.2. 

3.23 Current Density Calculation 

Since only part of the wafer sample was abraded, the measured (overall) current 

density needed to be corrected in order to obtain the actual corrosion current density for 

the wafer sample during abrasion. Figure 3.3 shows the calculation of the actual current 

density during abrasion schematically. The actual corrosion current density for the wafer 

sample during abrasion (iabraded) is calculated according to the following equations: 

imeasurcd * Aioial — iun-abraded *Aun-abraded + iabraded * Aabiaded (3.1) 

Aioial — Aun-abraded + Aabraded (3.2) 

where imcasuicd is the overall measured current density during abrasion; iun-abiaded is the 

corrosion current density of the samples measured under static conditions, i.e. no 
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abrasion; Atoui. Aun-abmied, Aabnded ^Te the total area, un-abraded area and the abraded area 

of the sample. 

3.2.4 Electrochemical Measurements 

Both EXT and AC electrochemical measurements were carried out to characterize 

the electrochemical behavior of aluminum and titanium thin films in an iodate based 

alumina slurry. The DC electrochemical experiments were conducted using and EG & G 

273A Potentiostat/Galvanostat with M352 software, while the AC electrochemical 

measurements were performed on an EG & G 6310 Electrochemical Impedance Analyzer 

with M398 software. Corrosion potential (Ecoi;). Tafel polarization, linear polarization 

and electrochemical impedance (EIS) measurements were all performed in this study and 

specific details are presented herein. 

3.2.4.1 Corrosion Potential (Ecorr) versus Time 

Corrosion potential versus time was measured before, during and after abrasion 

of the films. For most electrochemical measurements, especially Tafel polarization, linear 

polarization, and EIS measurements, a stable Econ- is required prior to the accurate 

determination of the corrosion rate. Here, the change of Ecorr with time was recorded at a 

rate of 1 point/second until a stable Ecorr was reached. 
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3.2.4.2 Tafel Polarizatioii Measurements 

Tafel polarization measurements were performed for both aluminum and the 

barrier metal titanium in the absence and presence of abrasion. For aluminum films, 

Tafel measurements were conducted under a series of abrasion conditions with different 

combinations of pressure and pad rotation speed. The abrasion pressure was in the range 

of 0 to 10 psi and the pad rotation speed was in the range of 0 - 400 rpm. Abrasion of 

titanium films was conducted in the same pressure range as for aluminum, but a lower 

pad rotation speed range of0 - 200 rpm was used. This is due to the fact that the titanium 

film samples were much thinner (- 600 A) than the aluminum films. 

3.2.4.3 Linear Polarization Measurements 

A linear polarization technique was used to measure the polarization resistance 

(Rp) of films which can be utilized to calculate the corrosion current density using the 

Stem-Geary equation. After the corrosion potential reached steady state, the working 

electrode (the sample) was polarized from -20 mV vs. Ecotr to + 20 mV vs. Ecotr at a scan 

rate in the range of 0.1 to 0.5 mV/sec. The polarization resistance was calculated from 

the slope of the linear region of the curve shown in Figure 2.13 using the equation (2.26). 

There are two advantages of a linear polarization plot over a Tafel plot. Firstly, It 

takes much less time to make the Rp measurement; secondly, the sample is exposed to a 

lower voltage during the Rp measurement so the surface of the sample does not change 

significantly. 
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3.2.4.4 Direct Galvanic Corrosion Measurement between Aluminum and Titanium 

during Abrasion 

Since the electrochemical behavior of A1 and Ti are distinctly different in the slurry 

during abrasion, galvanic corrosion between A1 and Ti becomes a possibility. In order to 

measure the direct galvanic corrosion characteristics during abrasion, A1 and Ti samples, 

each of one-half of the size of a normal sample, were glued together on the edges. The 

glue prevented short-circuiting of the samples. A schematic cross section of the sample 

and the extent of abraded area are shown in Figure 3.4. 

During the tests, no external potential was applied and potential between A1 and 

Ti and the direct current flow from Al and Ti were measured. The sample stage was 

stationary during abrasion. Additionally, the copper foil underneath the sample was cut 

to ensure that there was no short-circuiting between Al and Ti. 

3.2.4.5 Eiectrociiemical Impedance Spectroscopy (EIS) Measurements 

For the EIS measurements, the set-up and sample preparation were essentially the 

same as that used in the DC electrochemical tests. The measurements were carried out 

using an EG&G PARC Model 6310 electrochemical impedance analyzer set at the 

corrosion potential of the films. The amplitude of the AC signal applied to the working 

electrode was ±5 mV. For experiments conducted under the abrasion conditions, the 

frequency range was restricted to between 1 Hz and 1000 Hz to complete the 
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measurement before the entire film was removed. However, for experiments conducted 

before and after abrasion, a frequency range of 10'^ Hz to 10^ Hz was used. 
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Figure 3.4 Cross-sectional view of A1 and Ti sample used in direct galvanic corrosion tests 
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3.2  ̂Calculation of Corrosion Rate from the Corrosion Current 

Once the corrosion current density was determined by Tafel Polarization 

measurements, the corrosion rate of the sample was calculated as follows; 

Corrosion Rate (CR) = icotr * M / (n • F • p) 

where M is the molecular weight of the metal, n is the number of electrons transferred, F 

is the Faraday's constant and p is the density of the metal. 

3.2.6. Pourbaix Diagram Construction for the Aluminum-iodate and Titanium" 

iodate System 

To understand the electrochemical stability of aluminum and titanium in the iodate-

based alumina slurry used in the experiment, Pourbaix diagrams were constructed using a 

computer program known as ROSOF developed at the University of Arizona. This 

program uses thermodynamic data (free energy of formation, to calculate and map 

regions of stability using a linear optimization technique. A total of twenty-four chemical 

species (both aqueous and solids) including electrons, protons, and water can be 

considered. In constructing these diagrams, the activity of soluble iodine species was 

assumed to be 0.1 and the activity of dissolved metal species was assumed to be lO"^. The 

free energies of formation used for the construction of this diagram and the possible 

reactions are listed in Table 3.1. 
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Table 3.1 Standard free energies of formation (AGf° in Kcal/mol) for specie related to 
the Al-103 - H2O system and Ti- IO3"- H2O system at 298 K [3.1] 

Species AG* in Kcal/mol 

Al^ -115.09 
AIO2 -200.71 
Al203*3H20 (hydrated) -384.53 
AI2O3 (anh.) -376.77 
AI(0H)3 -271.90 

I2(S) 0 
r (aq) -12.3 
l3' -12.34 
lO" (aq) -9.19 
IO3 -30.60 
IO4 -12.70 
HI 0.50 
mo -23.50 
HI03 -57.08 

Ti 0 
Ti2> -75.10 
Ti3^ -83.6 
TiO^^ -13.8 
TiO -116.92 
Ti203 -342.31 
Ti305 -553.12 
Ti02 -212.30 
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3.2.7 Film Thickness Measurements by Profilometry 

The overall removal rate of the wafer samples polished in the electrochemical 

polishing apparatus was determined by profilometry (Alpha-step 200, Tencor Instrument 

and Dektek H Surface Profilometry System, Sloan). A typical profilometry measurement 

was done on an Al(7700 A)^iN (200A) film after abrasion at 6 psi and 200 rpm for 10 

minutes. Since about half of the sample is abraded, the removal can be calculated using 

the depth difference between the abraded and unabraded area divided by the polishing 

time. 

3.2.8 Other Methods 

3.2.8.1 Field Emission Scanning Electron Microscopy 

Field Emission scanning Electron Microscopy (FE-SEM) analysis was used to 

characterize the surface morphology of the PVD aluminum and titanium films in the as 

received form and after abrasion. The FE-SEM analysis was performed on a Hitachi 

Model S4500 FE-SEM. Samples were not coated for the analysis. 

3.2.8.2 pH, Redox Potential and Conductivity 

An Orion Model 1230 pH/mV/conductivity meter was used to measure the 

solution pH and conductivity of the polishing slurries. The pH meter was calibrated using 

standard buffers at pH 4,7 and 10 purchased from Cole-Parmer. 
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An Orion Model 701A pH/Potential meter was used to measure the redox 

potential of the polishing slurry. Redox Potential measurements were made using a 

platinum band oxidation-reduction potential (ORP) electrode with an Ag/AgCl reference 

electrode (+222 mV vs. SHE). The electrode was calibrated using two standard 

calibration solutions. Solution A contained 0.1 M potassium ferrocyanide and O.OS M 

potassium ferricyanide, and was characterized by a potential of +234 mV vs. the Ag/AgCl 

reference electrode. Solution B contained 0.01 M potassium ferrocyanide and O.OS M 

potassium ferricyanide, and 0.36 M potassium fluoride, and was characterized by a 

potential of +300 mV vs. the Ag/AgCl reference electrode. 

3.2.83 Alumina Particle Preparation for Electrokinetic Studies on Adsorption of 

lodate on Alumina Particles 

Electrophoresis technique was used to characterize the electrokinetic properties of 

the alumina particles suspended in solutions in the presence and absence of iodate ions. 

In order to obtain clean alumina particles, 10 ml commercial iodate based slurry 

was centrifuged and the particles were collected. The solids were re-suspended in DI 

water (with a measured conductivity of 1.6 ^S/cm) and centrifuged. The later process 

were repeated several times until the conductivity of the supematant reached a constant 

value, which was ~ 15 jiS/cm. The solids were collected, dried and re-suspended in 10"^ 

M KNO3 solution and the pH of the solution was adjust to 3.8 (which is the same as that 

of the slurry supematant) using dilute HNO3. Zeta potential measurements were 



90 

conducted on both the AI2O3 in the supernatant and the cleaned AI2O3 particles re-

suspended in 10'^ M KNO^. 
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CHAPTER FOUR 

ELECTROCHEMICAL ASPECTS OF ALUMINUM CMP 

4.1 Pourbaix Diagrams for the Aluminiun-iodate-water and Titanium-iodate-water 

Systems 

Pourbaix diagram were constructed for aluminum and titanium in the solution of 

interest to the iodate based alumina slurry. First. Pourbaix diagrams were constructed for 

the AI-H2O system, Ti-HaO system and IO3 -H2O system at 25 °C respectively, using the 

ROSOF program. In Figure 4.1, the Pourbaix diagram for the AI-H2O system is 

superimposed on that for the I03'-H20 system. In Figure 4.2, the Pourbaix diagram for 

Ti-H20 system is superimposed on that for the I03'-H20 system. 

It may be seen that iodate (IO3') is stable at oxidizing potentials in a pH range of 1 

to 14. At acidic pH values, iodate can be reduced to I2 and I3'. The pH of the iodate based 

alumina slurry used in CMP experiments was roughly 3.8. At this pH, iodate can serve as 

an oxidant and most likely gets reduced to I2 or fc". It may be seen from Figure 4.1 that the 

equilibrium pH value between A1 and AI2O3 is very close to the slurry pH value if the 

activity of the dissolved aluminum species is assumed to be 10"® in the system. It may 

also be noted that the equilibrium pH between A1 and AI2O3 will shift to lower pH values 

if Al^^ concentration increases. Hence, it is most likely that A1 surface is covered with 

AI2O3 in the iodate based slurry. 
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Figiire 4.2 shows that TiOz formation is thermodynamically favorable at a pH value of 3.8 

in the Ti-IOs'-HaO system. 

4.2 DC Polarization Studies 

4.2.1 Corrosion Potential (Ecorr) Ciiaracterization 

4.2.1.1 Corrosion Potential of Aluminum Films 

The corrosion potentials of Al-0.5%Cu (5000 A ) films deposited at 475°C on two 

different sputtering tools were measured before, during, and after abrasion in the iodate 

based alumina slurry. The data are plotted in Figure 4.3. The corrosion potentials of these 

two films before abrasion are less negative than the corrosion potential values measured 

during abrasion. For example, the corrosion potential of the aluminum film before 

abrasion was in the range of -100 mV to 0 mV. On abrasion, this corrosion potential 

dropped rapidly to a value of -1200 mV and remained constant during abrasion. Once 

contact between the pad and the aluminum film was broken, the corrosion potential rose 

again. However, the increase in potential right after abrasion is less sharp than the drop of 

the potential during abrasion. The dropping of the corrosion potential during abrasion is 

due to the removal of the passive layer (Al203*3H20) initially present on the aluminum 

surface. The rising of the corrosion potential after the contact between the pad and film is 

broken is due to the re-passivation of the polished surface. It may also be noted that the 

corrosion behaviors of the aluminum thin films deposited on two different tools were 

similar to each other. 
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4.2.1.2 Corrosion Potential of Titanium Films 

The corrosion potential of titanium thin fihns (600 A), deposited at 175 °C, was 

also measured before, during, and after abrasion in the iodate based alumina slurry. The 

data are plotted in Figure 4.4. Similar to the aluminum thin films, the Ecocr of titanium 

films before abrasion (+230 mV) is less negative than the Ecoir values measured during 

abrasion (-80 mV). This is because abrasion partially removes the titanium oxide initially 

present on the surface of the films. Once the abrasion stops, the Ecocr exhibits a sharp 

increase followed by a gradual rise. This is due to the repassivation of the surface. 

4.2.13 Corrosion Potential Behavior of Aluminum/Titanium Film Stack 

The in-situ Ecocr vs. time data during abrasion of A1 (5(XX)A, 475 °C)/Ti (3(X)A) 

and of A1 (SOOOA, 25 °C)/Ti (3(X)A) stack films at 6 psi and 100 rpm are shown in Figure 

4.5. For comparison purposes, the in-situ Ecoir vs. time curves for the thin A1 (9(X) A, 

475°C)/Ti (300 A) film and Ti (300 A ) film during abrasion under the same conditions 

are also plotted. It worth pointing out that the thin A1 film over Ti film represents a 

titanium aluminide film. On abrasion, the corrosion potential of both types of film stack 

decreases indicating the removal of passive coatings. During the abrasion of Ti (300 A) 

and thin Al(900 A)/Ti(3(X) A) stack Alms, the corrosion potentials reach values of -80 

mV and -440 mV, respectively. Even after breakthrough, the Ecorr values remain almost 

the same. This is probably due to the fact that there are some unpolished metal areas 

(either Ti or TiAla) on the sidewall (See Figure 4.5). 
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remain almost the same. This is probably due to the fact that there are some unpolished 

metal areas (either Ti or TiAls) on the sidewall (See Figure 4.5). The formation of 

titanium aluminide is only likely in aluminum films deposited at high temperatures. In 

order to evaluate whether the behavior of TiAla is different from that of aluminum films, 

investigations were also conducted on aluminum films deposited at room temperature on 

titanium. The formation of titanium aluminide is not likely m these stack films. 

The Ecotr value of the A1 film deposited on Ti at room temperature exhibits a sharp 

rise from -12(X) to -300 mV after about 13 minutes of abrasion and approaches a limiting 

value of -200 mV. The sharp rise is due to breakthrough of the A1 film to expose 

underlying Ti. However, the limiting value of Ecotr is still slightly more negative than that 

of the Ti film during abrasion. This is most likely due to the fact that only a portion of the 

sample is abraded and there is aluminum on the sidewall even after the titanium is 

exposed. The Econ value of -200 mV represents the galvanic corrosion potential between 

aluminum and titanium at an Al/Ti ratio of SO to 3, as will be discussed later. 

The transition from high temperature A1 film to Ti is not as sharp as that for the 

low-temperature A1 to Ti transition. This is due to the presence of the intermetallic 

compound TiAls that forms at the Al/Ti interface during the deposition of A1 at 475 °C. 
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4.2.1.4 Effect of Pressure on Corrosion Potential 

The effect of pad pressure on corrosion potentials was studied by measuring the 

corrosion potential of both aluminum and titanium thin films during abrasion while 

sequentially increasing the pressure. The results are plotted in Figures 4.6 and 4.7. It is 

noted that the corrosion potentials for both aluminum and titanium decrease sharply when 

a pressure of 2 psi is applied and then reach a somewhat constant value. When the 

pressure is incrementally changed, the Ecoit values continue to become slightly more 

negative. This indicates that a specific amount of pressure is needed to remove the 

protective passive layer on the surfaces of both aluminum and titanium thin Hlms. 

Additionally, the corrosion potentials of these two films during abrasion increase when 

the applied pressure is sequentially decreased, indicating that the pressure effect on the 

corrosion potentials is reversible. 

4.2.1.5 Effect of Solids Concentration 

Since the slurry contains both dissolved chemicals and solid particles, it is of 

interest to elucidate the role played by solids in the slurry. For this purpose, alumina 

dispersions with different concentration of solids were prepared in de-ionized water. It 

was found that an alumina dispersion containing more than 5% solids may not stable in 

iodate-containing solutions. A preliminary test was conducted in an alumina suspension 

at a solid concentration of 3%. The corrosion potential of aluminum in this alumina 

suspension was found to be —1.26V vs. the standard hydrogen electrode. Since colloidal 
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silica suspensions exhibit very high stability, it was decided to study effect of the 

colloidal silica particle concentration in the slurry on the corrosion potential. An initial 

study indicated that at a silica concentration of 3%, the corrosion potential for aluminum 

thin films was -1 V, as opposed to the Ecoir value of-1.26 V for that in the alumina based 

slurry. 

The effect of solids concentration on the corrosion potential of aluminum thin 

films was studied by measuring the corrosion potentials of the aluminum Hlms during 

abrasion at 6 psi and 100 rpm in colloidal silica suspensions containing different levels of 

solids. The pH of the suspensions was maintained at pH 3.8 which is the same as that of 

the iodate based alumina slurry. The results are plotted in Figure 4.8. The corrosion 

potential of aluminum films decrease with increasing solid concentration and reaches a 

plateau value of -1.34 V vs. SHE. This indicates a specific level of solids is needed to 

provide enough contact area between the slurry particles and the aluminum film to abrade 

the passive layer on the thin film surfaces. Additionally, the plateau value of the corrosion 

potential of the aluminum film abraded in the silica based slurry, namely, -1.3 V, is 

slightly more negative than the plateau value (-1.2 V) reached in the iodate based alumina 

slurry. This could be due to the absence of oxidant in the home-made silica based slurries. 

4.2.2 Tafel Polarization Characterization 

4.2.2.1 Tafel Polarization Behavior of Aluminum 

The Tafel behaviors of aluminum in an iodate based alumina slurry before. 
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icorr corrosion rate removal rate* 

(A/cm^) (A/min) (A/mln) 

before abrasion I.OE-08 0.002 -

during abrasion l.lE-04 22.3 363 

after abrasion 5.0E-08 0.01 -
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during, and after abrasion are shown in Figure 4.9. The calculated corrosion densities 

(icorr in A/cm~) and electrochemical removal rates (A/min) are also tabulated at the bottom 

of the figure. The corrosion current density before polishing is roughly 0.01 ^A/cm^ and 

increases to 110 ^A/cm^ during polishing at 6 psi and 100 rpm. The measured corrosion 

current density during abrasion corresponds to an electrochemical removal rate of 22 

A/min. Once the pad is lifted and abrasion stops, the corrosion current density decreases 

to 0.05 ^A/cm~, equivalent to a corrosion rate of 0.01 A/min. Thus, the static etching 

rate in the slurry is approximately four orders of magnitude smaller than the dynamic 

corrosion rate. The removal rate measured by proHlometry is also tabulated in Figure 4.9. 

The electrochemical material removal rate is only six percent of the total rate of material 

removal. 

4.2.2.2 Tafei Polarization Behavior of Titanium 

The Tafel behaviors of titanium before and during abrasion are shown in Figure 

4.10. The calculated corrosion densities and electrochemical removal rates are also 

tabulated at the bottom of the figure. The corrosion current density before abrasion is 

roughly 0.02 ^iA/cm~ and increases to 93 ^A/cm^ during polishing at 6 psi and 100 rpm. 

The measured corrosion density during abrasion corresponds to an electrochemical 

removal rate of 14 A/min. Once the abrasion is stopped, the corrosion current density 

decreases to 0.04 jiA/cm^, equivalent to a corrosion rate of 0.01 A/min. The removal 

rate measured by profilometry is also tabulated at the bottom of the figure. 
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'corr 

(A/cm^) 

corrosion rate 

(A/min) 

removal rate* 

(A/min) 

before abrasion 5.0 E-06 0.76 -
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The electrochemical material removal rate is only five percent of the actual rate of 

material removal, similar to that observed for aluminum. 

4.2.23 Corrosion Rate vs. Overall Removal Rate 

The calculated electrochemical corrosion rate (based on three-electron transfer for 

aluminum and four-electron transfer for titanium) and the removal rate measured using 

profilometry for A1 and Ti, for a series of abrasion conditions are summarized in Figure 

4.11 and Tables 4.1 and 4.2. Under the experimental conditions used, the electrochemical 

material removal rate is five to six percent of the actual rate of material removal. If the 

number of electrons actually involved in the interfacial charge transfer is assumed to be 

one for both A1 and Ti, the electrochemical removal rate would account for 15% of the 

overall removal for aluminum and 20% for titanium. This indicates that mechanical 

removal of material is dominant in the CMP of A1 and Ti in the iodate based slurry used 

in these experiments. The slurry exhibits a Ti to A1 selectivity of about 1:1. 

4.2.2.4 Comparison between Tafel Behaviors of Alwninum and Titanium 

As seen Figiues 4.6, 4.7, 4.8 and 4.9 the Ecoir of titanium and aluminum in the 

iodate based alumina slurry are -80 mV and -1200 mV respectively. The equilibrium 

potential for the coupling of the chemical reactions in the aluminum and titanium films is 
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Table 4.1: Aluminum removal rates and corrosion rates 

Abrasion 
conditions 

Linear 
velocity 

(cm/min) 

Removal 
rate* (RR) 

(A/min) 

Corrosion current 
density (ico^) 

(UA/cm^) 

Corrosion 
rate»*(CR) 

(A/min) 

CR/RR 

(%) 
3 psi/20 rpm 63 143 ± 37 45 ±2 9.±0.4 6.5 
6 psiy20 rpm 63 219 ±45 67±5 14 ± 1 6.4 
8 psi/20 rpm 63 260 ±70 85±n 17±0.2 6.8 
10 psi/20 rpm 63 292 ±42 94± 17 19 ±0.5 6.7 
6 psi/40 rpm 126 321 ±37 82 ±12 17 ±0.3 5.3 
6 psi/100 rpm 314 363 ±46 107 ± 11 22 ±0.2 6.1 
6 psi/200 rpm 628 492 ±58 153 ± 16 31 ±0.3 6.4 
6 psi/400 rpm 1257 945 ±116 165 ± 10.4 34 ±0.2 3.6 

* measured by profilometry 
** calculated from icon-



I l l  

Table 4.2. Titanium removal rates and corrosion rates 

Abrasion linear removal rates* corrosion current corrosion CR/RR 
conditions velocity (RR) density (iccr) rates**(CR) 

(cm/min) (A/min) (uA/cm^) (A/min) ( % )  

3 psi/20 rpm 63 126 ± IS 41 ±2 6 ±0.3 5.1 
6 psi/20 rpm 63 158 ±34 56 ±7 8± 1 5.5 
8 psi/20 rpm 63 194 ± 37 66± 12 10 ± 2.0 5.4 
10 psi/20 rpm 63 218 ±22 81 ±9 12 ± 1.4 5.8 
6 psi/40 rpm 126 248 ± 16 62 ± 14 10 ±2.1 3.9 
6 psi/100 rpm 314 308 ± 35 93 ±5 14 ±0.8 4.7 
6 psi/200 rpm 628 417 ±42 I l l± 10 17 ± 1.6 4.1 

* measured by profilometry 
calculated from icoir 
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shown. If the corrosion of aluminum is cathodically controlled, then the corrosion 

potential will lie very close to that of the open circuit potential of the AI/AI2O3 system. In 

the case of titanium, the corrosion potential of titanium abraded in the iodate based slurry 

lies somewhere between the equilibrium potential of lOa'/T system and that of the Ti/TiOa 

system. This indicates a mixed-controll reaction. 

4.2.2  ̂Temperature EfTect on the Electrochemical Corrosion Rate 

During CMP, the temperature of the pad may rise to a value close to 50 °C. The 

temperature rise depends on a number of factors which include the friction between the 

pad and the wafer and the chemical reaction between the film that is polished and the 

slurry components. 

To study the effect of temperature on the electrochemical behavior of aluminum 

films during abrasion, Tafel polarization tests were conducted on aluminum samples at 

different temperatures at 3 psi and 20 rpm. For experiments conducted at temperatures 

higher than room temperature, the slurries were heated to a specific temperature first and 

then poured into the polishing cell. The slurry temperature was measured before and after 

each test. Since a typical Tafel test took only 100 seconds, the temperature difference 

before and after testing was usually small (< 5 °C). 

The Tafel plots for aluminum thin films abraded at 3 psi and 20 rpm at different 

temperatures are shown in Figure 4.13. It can be seen that the corrosion potential of A1 

slightly decreased with increasing of temperature. The corrosion current density doubled 
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when the slurry temperature was increased from room temperature to about 40 °C and 

tripled when the slurry temperature was fiirther increased to about 80 °C. 

The standard enthalpy of the reaction of aluminum and iodate was calculated 

based on the following equations; 

2Al+6Br + I03" ^ 2Al^ + r + 3H20 (4.1) 

2Al + IO3 ^ AI2O3 + r (4.2) 

These reactions are characterized by enthalpy values of -871 kJ/mol and -436 kJ/mol for 

reaction (4.1) and (4.2), respectively, indicating these two reactions are exothermal 

reactions. 

The reaction rate increases with temperature is due to the fact that the chemical 

reaction is not at equilibrium and is kinetically controlled. 

In order to extrapolate the activation energy value for the reactions between A1 

and IO3" during abrasion, log (i) is plotted versus 1/T in Figure 4.14 for aluminum films 

abraded at different temperatures. The activation energy value for the reaction between 

AI and IO3' during abrasion is 15.22 kJ/mol, which is the product of gas constant R and 

the slope for the plot log (i) vs. 1/T. 
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4.2.2.6 Effect of lodate and lodate Concentration on the Electrociiemical Corrosion 

Rate of Aluminum Thin Films 

In order to evaluate the effect of iodate on the electrochemical behavior of 

aluminum, Tafel polarization tests were performed in slurries with and without iodate 

(and other chemicals). Additionally, the effect of iodate concentration on the Tafel 

polarization behavior of aluminum was also considered. 

The slurry without iodate and the commercial KIO3 slurry exhibited reasonably 

well-defined cathodic and anodic Tafel slopes. For example, in the conmiercial iodate 

based slurry, the cathodic slope is 0.13 and in the homemade slurry without iodate, the 

anodic slope is 0.112. However, in the homemade slurries containing different levels of 

iodate, anodic reaction and passivation of the aluminum occurs readily. Hence, a well-

defined anodic Tafel slope cannot be calculated. The cathodic slopes in all slurries are 

approximately 0.07. This indicates that the cathodic reaction in the system is a single-

electron reaction. 

A "virgin slurry" was prepared by adding 3% of alumina particles to de-ionized 

water and adjusting the slurry pH to 3.8 with HNO3; the same particle concentration and 

pH as the iodate based alumina slurry. Additional slurries with different iodate levels 

ranging from 0% to 5% were prepared by adding iodate to the virgin slurry. The Tafel 

behaviors of aluminum during abrasion in these slurries at 3psi and 20 rpm are shown in 

Figure 4.15. The calculated corrosion densities (icorr in A/cm"), corrosion potential, as 



-0.5 -

-0.7 -

U 
X -0.9 -
VJ 

>  - 1 1 - Commcrcial KlO-t sli 

s 
u 

-1.7 
l.E-07 l.E-06 l.E-05 l.E-03 l.E-04 

Current Density (A/cm^) 

Figure 4.15 Effect of oxidant (KIO3) and oxidant concentration on 
the Tafel behavior of aluminum thin films during abrasion at 3psi 

and 20 rpm 

Slurry 0% 
KIO3 

0.5% 
KIO3 

1% 
KIO3 

3% 
KIO3 

5% 
KIO3 

KIO3 
slurry 

icorr (^lA/Cni") 19.2 26.6 35.9 36.1 37.6 46.5 

EcorrCV) -1.26 -0.91 -0.86 -0.84 -0.80 -1.132 

Beta a (V) 0.112 0.137 0.130 0.123 0.115 0.130 

Beta c (V) 0.080 0.67 0.06 0.059 0.068 0.065 

* Based on three-electron transfer 
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well as cathodic and anodic Tafel slopes are also tabulated at the bottom of the figure. 

The effect of iodate concentration on corrosion current density is plotted in Figure 4.16. 

Figure 4.16 shows that both corrosion current density and corrosion potential 

increased with the iodate concentration in the slurry. There appears to be no significant 

advantage in using KIO3 concentrations higher than 5%. However, the corrosion potential 

of A1 is lower and current density is higher in the conunercial iodate-based alumina slurry 

than in the home-made alumina slurries containing different amounts of iodate. This is 

probably due to the presence of some other additives, such as a complexant, in the 

commercial iodate-based alumina slurry. The exact composition of the commercial slurry 

is proprietary and was not made available to me. 

The calculated cathodic and anodic Tafel slopes for aluminum abraded in slurries 

with different iodate levels are -0.06 and -0.12. Based on Equations (2.20) to (2.24), the 

cathodic and anodic Tafel slopes can be rewritten as: 

As can be seen ^ is determined by the electron transfer coefficient, which is 

related to the structures of the double layer and the transition complex. If one assumes 

a= 0.5, the value of 

pc=2.303RT/(l-a) zF (4.3) 

|3a= 2.303RT/azF (4.4) 

p = 0.118/z (4.5) 
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Figure 4.16 Effect of oxidant (iodate) & oxidant concentration on 
corrosion current density and corrosion potential of aluminum 

during abrasion at 3 psi and 20 rpm 
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Based on equation (4.5), the cathodic and anodic reaction for aluminum abraded in 

slurries of different iodate levels are two-electron-transfer and one-electron-transfer 

reactions, respectively. 

It is may be noted in Figure 4.15 that the slopes of the anodic branches of all the 

reactions increase rapidly after the linear region, which is most probably due to 

passivation of the aluminum thin films. 

4.2.3 Linear Polarization Characterization 

In order to characterize the polarization resistance of aluminum films abraded in 

the iodate based alumina slurry, linear polarization tests were performed under different 

abrasion conditions. The results are shown in Figure 4.17 and Figure 4.18. 

The polarization resistance, Rp, calculated from the slope of the linear polarization 

plots is tabulated in the Table at the bottom of Figures 4.17 and Figure 4.18. Rp decreases 

with increasing load and rotation speed. In addition, the Rp value can be utilized to 

calculate the corrosion current density along with the anodic and cathodic Tafel slopes 

according to Equation (2.29). For example, for aluminum being abraded at 3psi and 20 

rpm, it is known that Pa, Pc. and Rp are 0.13, 0.06, 1233 (Ci-cm^) respectively (from the 

tables below Figure 4.18 and Figure 4.19). The calculated icorr value using equation 

(2.29) based on the data obtained using linear polarization is 152.7 ^A/cm~, which is 

comparable to the one obtained using Tafel polarization method, which is 137 ^lA/cm' 
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Figure 4.18 Linear polarization plots for aluminum thin 
films during abrasion at different pad rotation speed at 6 

psi 

Pad rotation speed 20 rpm 40 rpm 100 rpm 200 rpm 
Rp (ohm-cm^) 866 767 412 343 
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based on a one-electron transfer reaction or 45.6 \ifiJcn^ (listed in the Table below Figure 

4.15) based on a three-electron transfer reaction. 

4.3. Electrochemical AC Impedance (EIS) Studies 

Electrochenaical AC impedance measurements were used in conjunction with DC 

electrochemical techniques to characterize the dissolution and passivity of aluminum thin 

films before, during, and after abrasion in the commercial iodate-based alumina slurry. 

The purpose of this study was to investigate the ability of EIS to provide more detailed 

infonnation on the reactions that occur at the aluminum/solution interface. In the EIS 

technique, the measured impedance of the solid/solution interface is analyzed using 

equivalent circuits to calculate interfacial resistance, capacitance and inductance [2.92]. 

The relative magnitude of these components provides insight into the reaction mechanism 

at the solid/liquid interface. In this study, a single-sine method was used. The fi^quency 

range used for aluminum films before and after abrasion was from 10'^ to 10^ Hz. The 

applied frequency range for aluminum during abrasion was restricted to the range of 1 to 

ICXX) Hz. 

EIS data analysis was performed as follows: an equivalent circuit model was 

selected first based upon a rational physical description of the phenomenon being probed 

as well as precedent for similar phenomena in the literature. The subsequent analysis 

procedure was based on the observation of experimental EIS spectra that contained a high 

frequency and a low frequency process. EIS analyses included the following steps; (a) 
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Making a circle fit and partial nonlinear least squares (NLLS) fit of the high fluency 

impedance process; (b) subtracting the solution resistance from the real component of the 

impedance, Z'; (c) determining the other parallel resistance and capacitance associated 

with the high frequency impedance using a circle fit routine, or partial NLLS or some 

other methods [4.6]; and finally (d) determining the low firequency complex impedance 

from a total NLLS fit of the entire spectrum using either a constant phase element (CPE) 

or some other appropriate elements [2.92]. A complete description of these procedures is 

given in reference 4.7. The last two steps are determined by the specific EIS equivalent 

circuit model chosen for different EIS spectra. 

The Nyquist plots of the EIS measurements for aluminum thin frlms before, 

during and after abrasion in the iodate-based alumina slurry are shown in Figures 4.19 to 

4.21. Base on the two-semicircle spectrum shown on Figure 4.21, a simple equivalent 

circuit model used for the aluminum sample before and after abrasion is shown in Figure 

4.22. This circuit model has two time constants. According to this model, oxides are 

characterized by two parallel RC networks (representing two time constants) in series. 

The first time constant, which consists of the oxide capacitance and (Cox) in 

parallel with oxide resistance (Rox)» gives information on the extent of electrolyte 

penetration. The second time constant, which consists of double layer capacitance (Cdi) 

and charge transfer resistance (Ret), describes the corrosion reaction at the interface. 

These two networks are in series with the solution resistance. The rationale for choosing 

this particular model is based upon previous work on oxide-covered metals in the 
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Figure 4.20 Nyquist plot for an Al-0.5% Cu film deposited at 475 °C 
during abrasion at 6 psi and 20 rpm in an iodate-based alumina slurry 



128 

3000 
2500 

1000 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 1000 
0 

Zra (ohm-cm )̂ 

o 30 min after abrasion (data) 

- - - 30 min after abrasion (fit) 

• 70 min after abrasion (data) | 

1 
70 min after abrasion (fit) | 

Figure 4.21 Nyquist plot forAl-0.5%Cu film deposited at 475 °C 
after abrasion in the iodate-based alumina slurry 



129 

Solution 
MetiU 

Figure 4.22 An equivalent circuit used to simulate aluminum 
films covered with a passive oxide layer 

Table 4.3 Parameters for the equivalent circuit for aluminum thin films before and after 
abrasion in iodate-based alumina slurry 

Rsd Rc, c„ Ro* Co. Chi-squared 

(ohm-cm )̂ (ohm-cm )̂ (F/cm )̂ (ohm-cm )̂ (F/cm )̂ 
Before abrasion 8.8E-t01 7.1E+07 2.9E-06 6.7E-t̂  6.6E-04 3.00E-02 

30 min after abrasion 8.9E-I01 3.2E-t03 1.3E-06 2.6E-I03 5.0E-05 8.00E-03 
70 min after abrasion 7.6E+01 5.4E+03 1.9E-06 3.1E+03 7.2E-05 8.00E-03 
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literature [4.8] since there is a passive oxide layer on the aluminum surface(s) before and 

after abrasion. The fitting curves are plotted in Figures 4.19 to Figure 4.21 respectively. 

The EIS parameters for the equivalent circuit models for alumimun thin films before and 

after abrasion are shown in Table 4.3. 

What needs to mention is that the EIS analysis for aluminum film before abrasion, 

which is shown on Figure 4.19, was not completed due to time and instrument capability 

limitations. This is because there is a layer of native oxide on the aluminum surface and 

it will not be easy for electrolyte to penetrate the oxide layer. Therefore it will take a 

much longer time to conduct the test under extremely low frequencies (« 10"^ Hz ). 

The EIS model used to fit the EIS response for aluminum samples during abrasion 

and the fitted curve are shown in Figure 4.23. A constant phase element (CPE) was used 

in this model, CPE = [YoO©)"!"', where n is the frequency power. The rationale for 

choosing this particular model is based on the fact that a CPE is typically used for non-

ideal semi-infinite diffiisional impedance. This equivalent circuit usually gives a better 

simulation when the center of the semi-circle falls below the x-axis, which is typical for 

EIS curves for aluminum Alms under abrasion conditions. The EIS parameters for the 

equivalent circuit model for aluminum thin films during abrasion are shown in Table 4.4. 

Figures 4.19 to 4.21, Table 4.3 and 4.4 show that the polarization resistance after 

abrasion (Rox + Rct)» is one to five orders of magnitude larger than that of the aluminum 

films during abrasion. This is due to the fact that there is a protective passive film on the 

aluminum surface before abrasion and the aluminum film passivates quicldy once the 
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Figure 4.23 An equivalent circuit used to simulate aluminum films 
during abrasion in the iodate based alumina slurry 

Table 4.4 Parameters for the equivalent circuit for aluminum thin films during 
abrasion in iodate-based alumina slurry 

F^Cdmcn^ OE n ai-sqiHod 
EXiii¥;afciasian 99 &2E«a2 63B(B Q85 5JCE05 
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abrasion is stopped. The polarization resistance for aluminum thin films before abrasion 

is also about four orders of magnitude larger than that of the A1 film right after abrasion. 

This is most probably due to the fact that the thickness of the oxide is much thicker for A1 

films before abrasion than right after abrasion. The polarization resistance is proportional 

to oxide thickness and inversely proportional to the ability of the oxide to support both 

electronic and ionic charge transfers across the oxide. The large values of the polarization 

resistance for aluminum films before and after abrasion suggest that the electrochemical 

reaction at the aluminum/solution interface is kinetically unfavorable. 

The oxide resistance, oxide capacitance and double layer capacitance for 

aluminum thin films before and after abrasion are in the following order; 

Rox(30 min. after abrasion) < Roji(70 min. after abrasion) «Rox(before-abrasion) 

Cox(30 min. after abrasion) < Cox(70 min. after abrasion) <Cox(before-abrasion) 

Cdi (30 min. after abrasion) < Cji (70 min. after abrasion) <Cdi (before-abrasion) 

This further indicates that the oxide thickness on the abraded aluminum surface 

increased with time after abrasion. However, it was not as thick as the native oxide on 

the aluminum film before abrasion. Additionally, the capacitance of the aluminum film 

before abrasion was larger than that right after abrasion indicating that aluminum film 

before abrasion was less conductive than that right after abrasion. This may also be due 

to the difference in oxide thickness on the A1 film before and after abrasion. 

There is no significant difference in the double layer capacitance for the aluminum 

film before and after abrasion. This is most likely due to the fact that there is no 
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significant difference in the ionic strength of the slurry solution before and after abrasion 

since only a small amount of aluminum is abraded away. The solution resistance before, 

during and after abrasion is also comparable. 

The results for the Nyquist plot of the effect of load and relative pad rotation 

speed on the polarization resistance are shown in Figures 4.24 and 4.25. The curves were 

fit using the equivalent circuit shown in Figure 4.23 and the fitted curves are plotted on 

Figures 4.24 and 4.25. The specific values for the electric elements obtained by fitting the 

equivalent circuits are given in Tables 4.5 and 4.6. 

It is clear that the polarization resistance decreases with increasing load and 

relative pad rotation speed. Figure 4.24 and Table 4.5 show that the polarization 

resistance decreases from 1100 ohm-cm" to a plateau value of -540 ohm-cm^ when the 

pressure was increased ftom 3 psi to 10 psi at a 20-rpm sample rotation speed. This 

indicates that the chemical reaction becomes more favorable when the mechanical 

pressure on the aluminum surface is increased. Figiu^ 4.25 and Table 4.6 also show that 

the polarization resistance decreases from 930 ohm-cm^ to a plateau value of -240 ohm-

cm~ when the pad rotation speed was increased from 30 rpm to 400 rpm at a pressure of 6 

psi.. It is worth noting that the polarization resistance reached a lower value under the 

6psi and 400 rpm condition than that the 10 psi and 20 rpm condition, indicating that 

linear velocity (indicated by the pad rotation speed) might play a more important role than 

pressure in the dissolution and passivation of aluminum thin films in an iodate based 

alumina slurry. The polarization resistance reaches a plateau when abraded at a high pad 
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Figure 4.24 Nyquist plots for Al-0.5%Cu thin films during 
polishing under different loads at 20 rpm 

Table 4.5 Parameters for the best fit equivalent circuit model 
for Al-0.5%Cu thin films during abrasion under different loads 

3 psi 6 psi 8 psi 10 psi 
Rs (ohm-cm^) 133 99 123 99 

Rp (ohm-cm^) 1103 822 570 547 

CPE 8.1E-05 6.3E-05 4.3E-05 3.9E-05 

Freq. power, n 0.84 0.84 0.91 0.91 
chi-sqared l.lE-03 5.3E-05 3.6E-04 7.0E-05 

• data —fit 
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10 
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Zr. (ohm-cm )̂ 
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Figure 4.25 Nyquist plots for A1 thin Hlms polished at 
different pad rotation speeds at 6 psi 

Table 4.6 Parameters for the best fit equivalent circuit model for Al-
0.5%Cu thin films during abrasion at different pad rotation speeds 

20 rpm 40 rpm 100 rpm 200 rpm 400 rpm 
Rsoi (ohm-cm^) 98 97 83 87 86 

Rp (ohm-cm^) 930 570 257 248 242 

CPE 6.3E-05 5.6E-05 3.5E-05 2.6E-05 3.3E-05 
Freq. power, n 0.84 0.86 0.93 0.93 0.90 
chi-sqared 5.3E-05 2.9E-04 6.1E-04 1.3E-02 7.0E-05 
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rotation speed. This is probably due to mass transport limitations. The effect of load and 

pad rotation speed on the polarization resistance measured by both the DC linear 

polarization and EIS methods are plotted in Figures 4.26 and 4.27. It is apparent that the 

results obtained by these two different methods are comparable. 
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4.4 Galvanic Corrosion Between Aluminum And Titanium During Abrasion 

Since the electrochemical behavior of A1 and liner metal Ti are distinctly different 

in the slurry during abrasion, galvanic corrosion between A1 and Ti becomes a possibility. 

To study this, Tafel polarization measurements were performed on A1 and Ti films in the 

potential plateau regions of -1200 mV and -80 mV respectively. The Tafel plots for these 

two films are shown in Figure 4.28, which clearly show that A1 and Ti form a galvanic 

couple in the iodate based slurry with aluminum as the anode and titanium as the cathode. 

The galvanic coupling occurs at a potential of -0.24 V with a corrosion current density of 

5.9 * 10"* A/cm*, the corrosion current density corresponds to an A1 corrosion rate of 

-120 A /min. The Ecorr value of -0.24 V is approximately the same as the limiting OCP 

value measured during the A1 to Ti transition. The galvanic corrosion rate is based on the 

assumption that the A1 to Ti area ratio is one. However, it should be noted that during the 

A1 to Ti transition under actual CMP conditions, the Ti to A1 area ratio may be 

significantly different from 1. 

The effect of the Ti to A1 area ratio on galvanic corrosion potential Ecc and 

galvanic corrosion current density ioc are shown in Figure 4.29. Since the slope of the 

anodic polarization curve of A1 is quite high when it meets the cathodic polarization 

curve of Ti, the Ti to A1 area ratio does not have a large effect on Ecc and ioc-

Attempts were also made to directly measure direct galvanic corrosion 

characteristics during abrasion. In those tests, the A1 and Ti samples, each one-half the 

size of a normal sample, were glued together on the edges. The glue prevented short-
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circuiting between the samples. The results after correcting for the abraded A1 area are 

shown in Figure 4.30. Note that the galvanic corrosion of A1 during abrasion occurred 

at a potential of -0.23 V vs. SHE with a galvanic corrosion current density of about 500 

^A/cm~. This result is close to that obtained using the indirect method, which is shown in 

Figure 4.28. 
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4  ̂Post*polishing Corrosioii Issues 

In a typical CMP process, surfaces after planarization are buffed, rinsed with DI 

water and stored wet for a period of time. Any unremoved slurry component on the wafer 

surface could create a corrosion problem. In order to study the corrosion problems that 

may occur after the planarization of the films, electrochemical measurements under 

different rinsing conditions were conducted for A1 fihns after abrasion. 

The samples used for this study were AI (5000 A)/ Ti(300A) deposited by 

physical vapor deposition (PVD). During abrasion, the wafer sample and the pad were 

rotated at velocities of 14 and 34 rpm, respectively. The applied load was 3 psi and 

abrasion was carried out for 2 minutes. Abrasion of the sample under a low load and a 

low rotation velocity was done to make sure that there was still some film left after 

polishing stopped. Approximately 90 ml of slurry was added into the cell and the slurry 

was not circulated. The pad used was a Rodel SUBA IV. 

The post-polishing corrosion of Al was studied under the following three 
conditions: 

Case I: The pad was lifted off the sample surface, leaving the sample immersed in the 

slurry. 

Case II: The pad was lifted off from the sample surface and DI water was pumped into the 

cell to remove the slurry from the polishing cell. The flow of DI water was continued for 

25 minutes. 
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Case m.- Pad-sample contact was maintained while DI water was pumped into the cell to 

remove the slurry. The pad was lifted off the sample only after the slurry in the cell was 

completely replaced by de-ionized water (as indicated by in-situ conductivity 

measurements of the solution). De-ionized water flow was continued for 25 minutes. 

The change in the conductivity of the (diluted) slurry with time during DI water rinse is 

shown in Figure 4.31. 

Pad rotation was stopped after the pad was lifted in for all three cases. 

De-ionized water was pumped in and out of the electrochemical-polishing cell 

using a two-head peristaltic pump. The flowrate of the DI water was -100 ml/min. The 

in-situ corrosion potential of A1 wafer sample and the electrical conductivity of the slurry 

as it was diluted were measured to follow the whole polishing and post-polishing 

processes. Corrosion current densities for A1 under these three conditions were measured 

using the Tafel polarization method after the corrosion potential of the samples reached 

their plateau values. 

The in-situ corrosion potential for the A1 wafer sample and the electrical 

conductivity of the slurry as it was diluted by the DI water flow are shown in Figures 4.32 

and 4.33. From Figure 4.32, it is seen that the corrosion potential stayed high in Case 1 

and rose up swiftly once the pad was lifted off the sample in Case II. This implies that 

the A1 wafer sample passivated rapidly once the sample-pad contact was broken. For Case 

m, Ecoit values remained the same as that in Case II until the pad was lifted. Ecocr 

increased at an even less rapid rate in case m after the pad was lifted off. This is most 
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probably due to the fact that there was still some sluny trapped between the sample and 

the pad. Comparing the corrosion potential values after abrasion in these three cases, it is 

apparent that corrosion potential of freshly abraded A1 is slightly lower in de-ionized 

water than in the slurry. Additionally, Figure 4.33 shows that the corrosion current 

density in the presence of the DI water rinse during and after polishing is slightly lower 

than that in the slurry. However, it is still higher than in the case where A1 is covered by 

a layer of native oxide, which is the "before abrasion" condition. It is recommended that 

A1 can be left in the slurry for a while so that a passive layer can form to avoid corrosion 

issues before rinsing with DI water. 

Figure 4.30 shows that the electrical conductivity of the washwater dropped 

approximately exponentially with time. Attempt was made to fit the conductivity drop 

based on a CSTR model. For a 1st order reaction that takes place in a CSTR vessel with 

a volume V and an input/output flowrate of Q, the conductivity of the washwater at a 

given time can be expressed as follows: 

C(t) = C(0) e"^^ (4.7) 

Where, C(0) is the initial conductivity of slurry in the vessel; C(t) is the conductivity of 

the washwater at a given time t; and T is the mean residence time given by V/Q. Based on 

the experimental values of 

Vceii = 90 ml 

Q = 100 ml/min 

C(0) = 18000 nS/cm 
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The amount of time to wash out all the solute from the sluny in the cell (when C(t) = 0.5 

^iS/cm) will be - 7(X) seconds, which is comparable to what we see in Figure 4.31. 
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CHAPTER FIVE 

SURFACE MORPHOLOGY AND XRD ANALYSIS STUDIES 

5.1 FEM-SEM Analysis 

Figures 5.1 and 5.2 show FESEM micrographs of the surface of a A1(5000A, 

475°C)/Ti(300A, 175°C) thin film before and after abrasion in the small-scale polishing 

tool taken at 10,OC)OX and 7,500X magnification, respectively. This figure shows that the 

grain size of the film before abrasion was between 1 to 4 ^m. In addition, the shape of 

the grains is irregular, indicating a relatively high degree of surface roughness. However, 

the grain size of the film after abrasion was 0.5 to 2.3 (ini in width, which was smaller 

than the film before abrasion. This may be due to the fact that the grain size of aluminum 

films grow with thickness. The thicker the film, the larger the grain size deposited on that 

film. 

5.2 XRD Analysis 

XRD analysis was performed on an A1(900A, 475°C)/Ti(300A, 175°C) thin film 

and on cleaned alumina slurry particles using the method described in Section 3.2.9.3. 

The results for the thin film and the alumina particles are shown in Figures 5 3 and 5.4. 

The 20 values of the major peaks for the Al/Ti thin film sample are summarized in the 

Table 5.1. The values are also compared with those of the compounds that might exist in 

the film. 
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Figure 5.1 FESEM micrograph of the surface of an 
A1(5C)C)0A, 475°C)/Ti(300A, ITS^C) thin film before abrasion 

Figure 5.2 FESEM micrograph of the surface of a 
A1(5000A, 475°C)/Ti(300A, 175®C) thin film after abrasion 
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Table 5.1 XRD analysis of A1(900A, 500°C)/Ti(300A, ITS^C) thin film 

Material 20 I d Remarks 

38.6131 15% 2.330 (Al? TiAIs?) 

AI(9(X)A)/Ti(300A) 39.2497 5% 2.294 (TiAl3? AlTia?) 

w/ A1 dep. at 500°C 61.1687 35% 1.500 (Si? Ti?) 

69.0706 100% 1.359 (TiAla?) 

38.473 100% 2338 

A1 • 44.740 47% 2.204 

(04-0787) 65.135 22% 1.430 

78.229 14% 1.221 

39.117 100% 2301 

TiAl3* 47.124 95% 1.92 

(37-1449) 64. 980 70% 1.434 

82.267 65% 1.171 

68.825 55% 1363 
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39.117 100% 2J01 

TiAls* 42.696 80% 2.116 

(26-38) 46.815 80% 1.939 

61.300 60% 1.511 

65.186 60% 1.430 

68.311 60% 1.372 

15.121 60% 1.255 

38.958 100% 2.310 

AlTi 45.546 60% 1.990 

(5-678) 65.495 60% 1.424 

79.631 60% 1.203 

38.784 70% 2.320 

AlTia 40.894 100% 2.205 

(9-98) 53.888 60% 1.70 

71.716 60% 1.315 

39.011 25% 2^ 

AlTi3 41.167 100% 2.191 

(14-451) 12.032 30% 1.310 

77.926 30% 1.225 
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35.066 30% 2.557 

Ti • 38.405 26% 2.342 

(5-682) 40.153 100% 2.224 

62.965 17% 1.470 

14.046 30% 6.300 

Si02* 20.786 100% 4.270 

(Tridyinite-20, syn.) 70.178 40% 1.340 

(34-717) 

33.498 50% 2.673 

Si* 39.474 100% 2.281 

(39-973) 60.459 50% 1.530 
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From Figure 5.3 and Table 5.1, it is seen that two major peaks at 20 of 61.1687 

and 69.480 may be ascribed to Si and Si02 respectively. The other two small peaks, at 26 

values of 38.6131 and 39.2497, can be ascribed to Ai and TiAls respectively. The peak at 

a 20 38.6131 is most likely unreacted Al. It appears that the deposition of Al at 475 °C 

over Ti does not completely transform the film stack to TiAla. 

The analysis of alumina abrasive particles is shown in Figure 5.4 . It is seen that 

the major peaks match those of conmdum (alpha-Al203). 
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CHAPTER SIX 

ELECTROKINETIC INVESTIGATION OF ADSORPTION OF IODATE ON 
ALUMINA PARTICLES 

As mentioned earlier, the alumina in the slurry is alpha alumina. Alpha alumina is 

typically characterized by an iso-electric point of 9. Hence, if pure alumina particles are 

suspended in an aqueous solution of pH of 4.4, they may be expected to have a positive 

zeta potential. Negatively charged iodate ions may be expected to adsorb on positively 

charged alumina particles. It was of interest to determine the electrokinetics of alumina 

particles in the iodate based slurry. The reason for this is the fact that additives are often 

used to inhibit particle deposition during CMP. The zeta potential of alumina particles in 

the slurry at pH 3.8 was measured to be -9 ± 5 mV. If the alumina particles were 

centrifuged from the slurry and cleaned with DI water and resuspended in a 10'^ M KNO3 

solution, they exhibited a positive zeta potential, which was 39 ± 7 mV. If iodate simply 

functions as a counter ion, the zeta potential of the alumina particles should reverse. The 

fact of the zeta potential of the alumina particles in the commercial slurry was reversed 

indicated that either the iodate ions or other additives in the slurry have adsorbed on to 

the alumina pzirticles by specific interaction forces. It has been shown that iodate ions can 

be selectively adsorbed at the alumina/solution interface, which shifts the iso-electric 

point of alumina to lower pH values. Hence, it appears that iodate not only functions as 

oxidant, but also render alumina particles negative to inhibit particle contamination 
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during CMP. 

In the commercial iodate based alumina slurry, which is at a pH of about 4, pure 

alumina is positively charged. Negatively charged iodate (lOa*) ions are expected to 

adsorb on the alumina particles due to electrostatic attraction. In this experiment, 

electrophoresis techniques were used to characterize the electrokinetic properties of 

alumina particles suspended in solutions in the presence and absence of iodate ions. 

The iodate based alumina particles in the slurry were cleaned using the method 

described in Section 3.2.9.3. After cleaning, the conductivity of the supernatant of the 

cleaned alumina suspension reached a constant value, which was ~15 fiS/cm. This is 

equivalent to an ionic strength of 3.5*10'^ M (ionic strength =1.6*10'^ x conductivity) 

[5.1]. Comparing this value with the original iodate concentration in the slurry, which is ~ 

0.15 M (-3%), it is noted that most of the IO3" ions were removed during the centrifuge 

process. This indicates that the adsorption of IO3' on AI2O3 particles is reversible and that 

electrostatic attraction played a predominant role in the adsorption of IO3' onto AI2O3. 

On the other hand, a small amount of the IO3' adsorbed on the AI2O3 particles might be 

due to the chemisorption. 

Zeta potential measurements were conducted on both the AI2O3 in the slurry and 

the cleaned AI2O3 particles re-suspended in 10'^ M KNO3. The results are given in Table 

5.2. 

The sign of the zeta potential for alumina particles at pH 3.8 is reversed in the 

presence of iodate. If the iodate adsorption were purely due to electrostatic attraction 



161 

Table S.l Zeta potentials of cleaned AI2O3 and AI2O3 in the slurry 

Test # 1 2 3 4 

Zeta potential of cleaned AI2O3 (mV) 39 ±7 39±9 38±9 38 ±9 

AI2O3 in the slurry -9±5 -9±4 -9 ±4 -10±5 

between alumina particles and iodate ions, the magnitude of the zeta potential would be 

reduced from a positive value to zero, but the sign of the zeta potential could not be 

reversed. The reversal of the zeta potential could be due to the following two reasons. 

Firstly, the singly charged iodate ions may interact with alumina particles by a chemical 

as well as an electrostatic force. The chemical force may play a less important role than 

the electrostatic force since most of the adsorbed iodate ions were desorbed from the 

alumina surface by physical means (centrifuge) as discussed earlier. Secondly, the 

reversal of the zeta potential might also be due to the fact that other ions in addition to the 

iodate ions were also adsorbed onto the alumina particles by chemical forces since some 

other unknown additives exist in the slurry, as well. 

The mechanism of iodate adsorption onto alumina particles needs to be further 

investigated. Firstly, zeta potentials of pure alumina suspended in solution in the 

presence and absence of iodate ions need to be measured in order to get rid of the effect 

of other additives in the slurry. Secondly, it would also be interesting to conduct the 

adsorption and desorption of pure iodate ions onto pure alumina particles. 
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CHAPTER SEVEN 

CONCLUSIONS 

The following conclusions can be drawn from this study. 

1. The corrosion potentials of both aluminum and titanium during abrasion are more 

negative than the corrosion potential values measured before abrasion, indicating that 

abrasion removes the protective passive layer (Al203*3H20) initially present on the 

surface of the films. The corrosion potential values for A1 and Ti abraded in a slurry 

system are determined by the chemical and physical properties of the films and the 

slurry components and abrasion conditions. 

2. The corrosion potential of aluminum during abrasion was much lower than that of 

titanium in the commercial iodate based alumina slurry. This is probably due to the 

fact that in an AI-IO3 -H2O system, the overall reaction during abrasion is cathodically 

controlled while in a Ti-I03 -H20 system, the overall reaction during abrasion is 

anodically controlled. 

3. There is a sharp jump in Ecotr during the transition from A1 to Ti film when the Al/Ti 

stack film is polished. This potential change during the transition is on the order of 

IV. The A1 deposition temperature does not affect the magnitude of the potential 

jump. The transition from A1 to Ti during polishing of low-temperature AI/Ti stack 

films is much sharper that that for the higher-temperature Ain"i stack films. 
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4. Corrosion current densities for AJ and Ti increase with increasing pressure and pad 

rotation speed. The iodate based slurry exhibits a Al:Ti selectivity of close to 1. 

Corrosion current densities for A1 increase with increasing temperature. 

4. The corrosion potential and corrosion current density of aluminum increase with 

iodate concentration. However, the corrosion potential in the commercial iodate 

based slurry was lower than that in a slurry with iodate and particles only. This could 

be because that there may be some complexant in the commercial slurry. 

5. The polarization resistance of both A1 and Ti thin films decreases with increasing 

load and relative linear velocity. 

6. The galvanic corrosion rate between A1 and Ti is 6 • iO"* A/cm" and the corrosion 

potential is — 0.24 V. The result of this direct measurement matches that obtained by 

coupling the cathodic branch of the polarization curve for Ti and the anodic branch of 

the polarization curve for A1 during abrasion. 

7. The corrosion current density for A1 after abrasion and immersion in de-ionized water 

is lower than that in the slurry. Also, the corrosion potential for aluminum after 

abrasion and immersion in de-ionized water is lower than that in the slurry. 

8. The adsorption of iodate on alumina particles in the commercial iodate based alumina 

slurry is reversible. Chemical forces may play a less important role than electrostatic 

forces since most of the adsorbed iodate ions desorbed from the alumina surface on 

centrifiiging. 
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