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ABSTRACT 

Chemical mechanical polishing (CMP) of metals has emerged as a critical process 

step for the fabrication of advanced integrated circuit devices in the semiconductor 

industry. In a typical metal CMP process, the metal film is blanket deposited to fill 

recessed features on a patterned dielectric on silicon. Following metal deposition and 

gap fill, the metal overabundance is polished away by CMP, leaving an inlayed metal 

pattern or damascene structure on the substrate. Removal of the metal overabundance 

also planarizes the wafer surface for subsequent processing steps. The material removal 

process occurring during CMP is thought to involve the combined action of chemical 

oxidation and dissolution, and mechanical removal of material by abrasives. However, 

the relative contribution of mechanical and chemical effects during metal CMP is not 

well understood. 

The objective of this research was to characterize the fimdamental electrochemical 

behavior of tungsten and aluminum thin films in polishing chemistries of interest to 

CMP. It was also of interest to determine the extent to which electrochemical oxidation 

and dissolution, or mechanical removal by abrasive action assists in material removal 

during CMP. 

A simultaneous electrochemical tester and polishing tool was developed to 

characterize the electrochemical behavior of tungsten and aluminum during and after 

abrasion. Small-scale polishing experiments were also carried out to measure polishing 

(removal) rates of the metals during CMP. Electrochemical dissolution rates and 

polishing rates were compared. It was found that the electrochemical dissolution rate of 
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tungsten or aluminum during or after abrasion was very small compared to actual 

polishing rates. However, the presence of an oxidant enhanced polishing rates 

dramatically. The findings indicate that the mechanism for removal during CMP is 

primarily corrosion assisted metal removal, and not electrochemical dissolution and/or 

removal of the oxidation produa of the metal. 



Chapter 1 

INTRODUCTION 

1.1. INTRODUCTION 

In the semiconductor industry, there has been a steady push to develop devices with 

increased performance, while at the same time reducing the minimum device feature 

size on the chip. At present, the Semiconductor Industry Association (SIA) roadmap 

has set the next target minimum feature size at 0.18 [xm or below for the next generation 

of devices to be produced by the year 2001 [I.I]. The fabrication of a semiconductor 

device is essentially a multi-step process involving the selective deposition and 

patterning of thin films of metals and dielectrics at the sub-micron level. In order to 

meet lithographic challenges, especially the depth of focus, the surface of the substrate 

has to be planar after each successive thin film processing step. The planarity 

requirements within a single lithographic e.xposure field are 300 nm for 0.35 |im devices 

and 250 nm for 0.18 nm devices as specified by the Roadmap Committee. An often 

quoted planarization requirement is 150 nm or better across a 3 .5 cm x 3 .5 cm exposure 

field [1.2]. 

Planarization of the wafer surface topography has been practiced in semiconductor 

fabrication for more than two decades. A variety of techniques have been utilized for 

both metal and dielectric planarization. These techniques include reactive ion etchback 

(RIE), bias sputtering, spin-on glass, selective metal deposition, laser melting, chemical 

mechanical polishing (CMP), and other techniques specific to metal or dielectric 

planarization. 
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Chemical mechanical polishing has emerged over the last decade or so as the most 

practical method for achieving both global and local planarity for metal and dielectric 

films. CMP has been identified as the only viable means of achieving global planarity 

for devices with minimum feature sizes below 0.35 |im [1.3], The primary advantage of 

CMP is that it is a rapid, efficient process in which the entire surface of a process wafer 

can be effectively planarized in minutes. The CMP process is also cost effective. The 

primary disadvantage of CMP is that it is an inherently dirty process, requiring the use 

of a polishing slurry containing a high level of abrasive particles. Many semiconductor 

manufacturers are just now fully implementing the CMP process for device fabrication. 

However, current trends indicate that CMP will be a dominant process step to fabricate 

new generations of devices in the future. 

Because of the intense economic necessity for integrating CMP into existing and 

new processes, a fundamental understanding of the interaction of CMP slurries, pad 

materials, and pad design lags behind the commercial application of said consumables. 

Keeping up with the increasing and rapidly changing demands of IC manufacturers is a 

continual challenge for slurry and pad suppliers. It is not an exaggeration to state that 

the CMP process has been optimized for manufacturing primarily from a trial and error 

approach rather than from a fundamental scientific approach. As the technology of the 

CMP process has matured, the use of in-situ electrochemical techniques combined with 

surface analysis techniques has been applied to better understand the mechanism for 

materials removal during CMP. 
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1.2. OBJECTIVE OF RESEARCH 

The CMP of tungsten and aluminum is typically carried out in acidic media in the 

presence of an oxidant, and abrasive particles such as alumina. Although the CMP of 

tungsten and aluminum has been practiced for over a decade, the mechanism for 

material removal during CMP is not well understood. 

The objective of this research was to characterize the fiindamental electrochemical 

behavior of tungsten and aluminum thin films in polishing chemistries of interest to 

CMP. It was also of interest to determine the extent to which electrochemical oxidation 

and dissolution, or mechanical removal by abrasive action assists in material removal 

during CMP. To accomplish the objective, the following course of investigation was 

undertaken: 

i) The fundamental electrochemical behavior, i.e. open circuit potential, anodic 

polarization, linear polarization, and electrochemical (Tafel) dissolution behavior 

was measured for tungsten and aluminum metal films as a function of pH. 

ii) X-ray Photoelectron Spectroscopy was conducted on tungsten films to characterize 

the nature of the passive oxide layer formed after exposure to acidic aqueous 

solutions used for CMP. A Pourbaix (Eh-pH) equilibrium diagram was also 

constructed from thermodynamic data for the aluminum - phosphate - water system 

to indicate passive layer formation in chemistries of interest to aluminum CMP. 



23 

iii) A simultaneous electrochemical tester/polishing tool was developed to characterize 

the electrochemical behavior of metal films during abrasion, and following 

cessation of abrasion (repassivation), in polishing chemistries relevant to CMP. 

Both DC polarization and AC impedance techniques were used to characterize the 

dissolution of metals using the electrochemical polishing tool. 

iv) Polishing removal rates were determined using a small-scale polisher and 

compared to electrochemical dissolution rates measured using the electrochemical 

tester/polishing tool. 

v) Atomic Force Microscopy (APM) was used to characterize the as-deposited and 

post-polished surfaces of tungsten and aluminum films. The purpose was to 

identify possible modes of material removal from the metal film surface as 

indicated by microstructure (i.e. corrosion assisted fracture of individual metal 

grains, and/or mechanical removal of metal or metal oxides by abrasive action). 
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Chapter 2 

BACKGROUND 

2.1. INTRODUCTION 

The purpose of this section is to introduce the general process for chemical 

mechanical polishing of metal and dielectric materials as practiced in the semiconductor 

industry. In this section, the CMP polishing tool and process, CMP modeling efforts, 

planarization parameters, CMP consumables, and the metal damascene process will be 

described. A brief discussion on the CMP of copper, silicon, and interiayer dielectrics 

will also be presented. A detailed discussion of tungsten and aluminum electrochemistry 

and CMP will be reserved for the Literature Review in Chapter 3. 

2.2. CHEMICAL MECHANICAL POLISHING 

2.2.1. The CMP Process 

CMP is currently used to polishing metals such as W, Al, Cu, intermediate adhesion 

layers such as T and TiN, interiayer dielectrics (ILDs) such as Si02, and silicon. CMP 

has application to any thin film material requiring planarization on a substrate. Figure 

2.1 shows a schematic of a CMP tool. The CMP tool uses orbital, circular, and lapping 

motions to accomplish substrate planarization. During polishing, the wafer is held by a 

rotating carrier while being polished against a polishing pad attached to a rotating 

platen. The polishing slurry is carried to the wafer by the porosity in the polishing pad. 

Typical removal rates in CMP range from approximately 1000 to 6000 A/min. 
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2.2.2. CMP Modeling 

Although widely adopted as a critical processing step, the mechanism for material 

removal during CMP is not well understood. From a fundamental perspective, the CMP 

planarization process involves the combined action of aqueous corrosion chemistry and 

mechanical abrasion and removal. The interaction between the chemical reaction and 

the mechanical removal is complicated and depends on a variety of factors such as the 

abrasive type and size, solution pH, load or pressure, relative velocity between the 

wafer and polishing pad, pad material, etc. The main feature of CMP, namely the 

removal of the material, is described by Preston's equation [2.1]; 

AH/At = Kp • (L/A) • (As/At) (2.1) 

Where: 

AH Change in height or thickness of wafer 

At Elapsed time 

Kp Preston's constant 

L Load 

A Abraded area 

As Total distance traveled by wafer 
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Figure 2.1. Schematic of CMP tool. 



27 

Any physical considerations are put into Preston's constant, Kp, which often is 

considered a proportionality constant (independent of pressure and velocity), but may 

also contain advanced physics and include the effects caused by the chemical reactions. 

However, the removal rate tends to dominate in real-life situations [2.2]. Although 

Preston's model has been used with some success to model overall material removal, it 

fails to provide a robust model over a wide range of process parameters. Cook [2.3] has 

reviewed the mechanics and chemical process of glass polishing. He proposed that 

removal rate is inversely proportional to the modulus, E, of glass; and that the removal 

rate is assisted by the chemical reaction of water in the slurry with silicon dioxide. 

However, the diffusion coefficient of water in silica, which is believed to the rate-

controlling factor, is quite low. As such, the chemical process may not play as much of 

a role as the surface mechanical factors in determining CMP polish rate for undoped 

oxide films. Modulus as well as hardness could be the determining factor of removal 

rate in this case. A study by Liu et al. [2.4] characterized the CMP process for dielectric 

films based on a nano-indentation measurement. They found that the polishing rate of 

various dielectric films was inversely proportional to the hardness of the films. The 

experimental findings seemed to suggest that the hardness dependence of removal rate 

was actually justified through the hardness-to-modulus ratio H/E. Development of a 

new model that provides linkage between CMP removal rates and mechanical factor 

(e.g. H/E ratio) is being developed [2.4]. 

A model that allows the quantitative analysis of the absolute and the relative polish 

rate for different size and pattern factors was presented by Warnock [2.5]. The model. 
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which intuitively assumes partial wafer-pad contact, can be fit to erosion profile data 

and has the potential for being a powerful design tool. Runnels and Eyman [2.6] 

developed a removal rate model analogous to Preston's equation based on a tribology 

analysis of chemical mechanical polishing. This model has the form AH/At = f (CT, T), 

where a and x are magnitudes of the normal and shear stresses, respectively, on the 

wafer surface. The development and use of such models requires the determination of 

stress distributions, a task that involves representing several mechanisms including fluid 

flow and solid deformation. A physics based feature-scale erosion model was also 

introduced by Runnels [2.7]. In this model, the approach was to model feature-scale 

fluid flow in the wafer-pad interface through continuum mechanics. The resulting 

stresses on the feature surfaces were then used in erosion models that represent 

fracturing and chemical effects empirically. 

Based on the most recent models [2.6, 2.7], it has been speculated that hydrodynamic 

lubrication is responsible for distributing the slurry, and solid-solid contact is 

responsible for the majority of the material removal. Maintaining the balance between 

hydrodynamic lubrication and solid-solid contact is crucial to the success of the CMP 

process. Because maintaining this balance is delicate, modeling the process is difficult 

due to current CMP tool configurations. Alternative designs that allow even and 

predictable distribution of slurry along with the required solid-solid abrasive contact are 

required for more accurate modeling. It is interesting to note that the most recent 

models proposed for CMP give little significance to the chemical contribution to 

materials removal during CMP. 



29 

2.2.3. CMP Process Goals 

The primary goals for a successful CMP process are to achieve; 1) high removal 

rates, 2) highly selective removal of the metal without attacking the dielectric, 3) global 

planarity over the entire wafer surface, and 4) local film uniformity over areas on the 

wafer at least 10 mm^. Planarity of the wafer surface is generally characterized as 

global or local. Figure 2.2 presents a simplistic illustration of global vs. local planarity 

on a polished substrate. Global planarity is a parameter for describing the overall 

flatness of large areas of the wafer the size of lithographic exposure fields, i.e. 3.5 x 3.5 

cm. Deviation in planarity around individual features is not an issue for global planarity 

parameters. Local planarity is used to describe the deviation in flatness for much 

smaller areas within the exposure field, typically 10x10 mm areas. The planarization 

techniques and their relative planarization effectiveness are typically discussed in terms 

of a parameter known as the planarization relaxation distance (R). Figure 2.3 is a 

schematic representation for the relaxation distance R on a device substrate defined by 

equation 2.2 [2.8, 2.9], 

R - T cot (1) (2.2) 

Where; 

R - Planarization relaxation distance 

T - Difference in height between the lowest and highest feature 

S - Height of lowest feature 

(s + t) - Height of highest feature 

t - Original step height 

(J) - Side wall angle 
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Figure 2.2. Schematic of global and local planarity 

Figure 2.3. Schematic illustrating determination of relaxation distance R. 
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From Figure 2.3, R is the relaxation distance at which the difference in height 

between the lowest feature height and the highest feature height after planarization 

becomes equal to the original step height. The height difference T is related to R by the 

side wall angle (<j)) [2.8, 2.9], Local planarizations yield ij) « 10 degrees and R a: lO |j.m. 

2.2.4. Consumables: Pad Materials and Slurries 

During CMP, there is intimate contact between high spots on the wafer surface and 

the pad material. Surface mechanical properties of the pad and wafer play a significant 

role in the polishing rate and final planarity. In general, the wafer surface is hard and 

brittle while the pad is relatively soft. Polishing pads for CMP are typically cast from 

polyurethane based materials. The pad surface performs two main functions, 1) pores 

in the pad aid in slurry transport, and 2) the polyurethane foam cell walls of the pad 

(and abrasives) serve to remove reaction products from the wafer surface [2.9]. 

Properties of pads such as ability to recondition during polishing and stability in the 

presence of slurry chemistries are important for determining the reproducibility of 

polishing results during the useful lifetime of the pad. 

Three categories of urethane pads are used, (i) impregnated felt substrates 

(coagulated urethanes in the fiber matrix), (ii) blown foam materials (hard, sponge-like 

frameworks which may include abrasives or reinforcing fillers) and (iii) napped 

poromerics (porous urethane layers on supporting substrates). The first two types are 

usually used for stock removal or rough polishing. The third type is designed to remove 



32 

only small amounts of surface irregularity and is most often used in the final polish step 

[2.10]. 

For polishing slurries, factors such as pH, abrasive type and size, oxidant, and use of 

additives to control polishing defects and reduce particulate contamination are essential 

issues. For metal CMP, slurries are typically formulated with a solids content of ~ 6% 

fijmed alumina by weight dispersed in an acidic aqueous media at pH < 4. The use of 

alumina is preferred over silica for metal CMP due to the high selectivity of alumina 

based slurries for polishing metal rapidly, and underlying oxide layers at a much lower 

rate. Individual fumed alumina particles used for slurries have mean diameters ranging 

from 10 to 30 nm. However, when dispersed in solution, the particles tend to rapidly 

agglomerate, forming larger particles with mean diameters of 100 to 250 nm. Slurries 

formulated for metal CMP typically contain 2 to 5 percent by weight of a strong 

oxidizer such as potassium iodate, ammonium persulfate, or ferric nitrate. The role of 

the oxidizer is to rapidly oxidize the fi-eshly abraded metal surface during polishing, 

thus enhancing the polishing rate of the slurry. In addition, a carboxylic acid or other 

additive may be present to complex the metal in solution. The function of the 

complexing agent may be to both enhance polishing rates and lower the tendency for 

particulate contamination from the polishing slurry. Removal rates for metal CMP 

range from 1000 to over 6000 A/min. 

For oxide polishing, CMP slurries are generally formulated with a solids content of 5 

to 30 percent by weight silica in an alkaline aqueous media at pH 5=11. The mean 

diameter of primary silica particles can range from 5 to greater than 30 nm, with 
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agglomerate particles ranging from 150 up to 250 nm in diameter. Slurries for oxide 

polishing are generally either potassium hydroxide or ammonium hydroxide based. 

Oxide slurries based on ammonium salts rather than potassium salts have lower surface 

tension, which has been shown to improve cleaning efficiency substantially. Polishing 

rates for oxide CMP range from 1000 up to 4000 A/min [2.11, 2.12]. 

2.3. CMP OF METALS AND DIELECTRICS 

2.3.1. The Damascene Process for Metals 

Tungsten was commonly used to form local interconnects (contacts and vias), while 

aluminum was used to form both local and global interconnects on commercial 

semiconductor devices up until about 1996. With the successful development of 

electroless and electroplated copper deposition techniques, it is likely that copper will 

replace tungsten and aluminum in many applications within the next 3 to 5 years [2.13, 

2.14]. 

Regardless of the trend in materials selection, in order to fabricate multilevel metal 

structures at the 0.35 (im feature size and below, the damascene process is used most 

frequently. In this process, a metal film is blanket deposited over a recessed pattern 

etched into a dielectric on silicon. The recessed pattern may include features such as 

muhilevel interconnects (contaa holes and vias), or local and global interconnects 

(lines). Following deposition and "gap fill," the metal overabundance is removed from 

the top surface of the wafer by chemical mechanical polishing. The CMP step also 

planarizes the wafer for the next processing step [2.15], Figure 2.4 shows schematically 
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deposition and gap fill of a metal film on a patterned dielectric, and subsequent removal 

of the metal overabundance to produce metal plugs or lines. 

2.3.2. CMP of Copper Films 

Recent advances in copper deposition techniques such as electroplating, CVD, and 

PVD have made copper metallizations practical for device fabrication [2.14], It is 

likely that copper will become the dominant interconnect material in the near future due 

to copper's lower resistivity (1.67 |aD*cm) as compared to aluminum (2.66 |if2-cm) or 

tungsten (5.65 pD-cm) [2.9]. The lower resistivity of copper will resuh in lower RC 

time delays on the chip and increased device performance. Copper interconnects are 

fabricated using the damascene process identical to aluminum and tungsten 

metallizations. 

Typically, the CMP of copper is conducted in nitric acid (acidic) or NH4OH 

(alkaline) solutions in the presence of AI2O3 abrasives. The study of copper CMP has 

been reported in several recent publications [2.16, 2.17], In the study by Carpio et al. 

[2.16], the electrochemical dissolution of copper was investigated using the DC Tafel 

polarization method during and afler abrasion of a polycrystalline copper rod (working 

electrode). A polishing rate of about 1500 A/min was reported for copper using a 1% 

NH4OH solution containing 6 wt% alumina abrasive at pH 11.5. Electrochemical 

corrosion measurements conducted during abrasion of the copper working electrode 

indicated a dissolution rate of only about 23 A/min. From this evidence, it appears that 
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Figure 2,4. Schematic illustrating the damascene process for metallization. 
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in the case of NH4OH based slurries, the chemical dissolution contributed only a small 

fraction to the removal of copper. 

In the same study using 5% HNO3, the polishing rate was reported to be about 3150 

A/min, and the electrochemical dissolution rate calculated from Tafel measurements 

during abrasion was about 2500 A/min. In the case of the HNO3 based slurry, the 

electrochemical dissolution of copper appeared to be the dominant mechanism, and 

mechanical removal of metallic copper occurred to only a small extent. 

2.3.3. CMP of Silicon and Interiaver Dielectrics 

The polishing of silicon is typically conducted in alkaline solutions (pH -l 1) in the 

presence of a silica abrasive. The chemical dissolution reaction for silicon is given as 

follows: 

Si + 2 H2O + 2 OH" ^ H2Si04'^ + 2 Hst (2.3) 

In a study by Heyboer et al. [2.18], a DC anodic sweep was used to measure the 

electrochemical dissolution of silicon during chemical mechanical polishing. In silica 

containing slurries at pH 10, the electrochemical dissolution rate of silicon without 

abrasion was measured around 1 to 2 jiA/cm^ at the peak of the anodic voltage sweep. 

During abrasion using a stacked polyurethane polishing pad, the electrochemical 

dissolution rate of silicon was measured at 60 to 80 |iA/cm^ at the peak of the anodic 

voltage sweep. The authors state that the polishing process can be considered to take 

place in a series of individual steps. The silicon is thought to first react with the 
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polishing slurry, forming a film of complex hydrated silicates. This film proteas the 

film from further attack. The polishing pad removes the silicate film and a fresh silicon 

surface is again exposed for attack by the polishing slurry. However, the measured 

electrochemical dissolution rate (60 to 80 |j.A/cm^) of silicon during abrasion 

corresponds to a removal rate of about 15 to 20 A/min, which is much smaller than the 

polishing rate of ~ 5 |jjn/h (830 A/min) during polishing at open circuit potential. As 

such, there does seem to be some disconnection between the electrochemical dissolution 

rate and the polishing removal rate. 

Silicon dioxide (dielectric) polishing is typically carried out at alkaline pH (~I1) 

similar to silicon polishing. The presence of OH" ions tends to soften and dissolve the 

surface during the process of chemically enhanced polishing. Since the late 1960's, 

preferential stock removal by CMP has been achieved by polishing with a soft, planar 

pad in an alkaline suspension of colloidal silica. The stock removal of Si02 is a 

function of both slurry pH and silica (solids) concentration. The increase in removal 

rate with pH values increasing above pH 11 corresponds to the high concentration of 

OH" ions on the silica particles (high surface charge). This high surface charge is 

transferred to the silicon/SiO: surface and facilitates the cleavage of Si-Si bonds [2.19]. 
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Chapter 3 

LITERATURE REVIEW 

3.1. TUNGSTEN 

3.1.1. Electrochemistry of Tunesten 

The important physical properties of tungsten are listed in Table 3.1 [3.1], The 

oxidation states of tungsten range from -2 to +6. In noncomplexing media, tungsten 

(+6) is the most stable species [3.2]. The Potential or Eh-pH equilibrium (Pourbaix) 

diagram for tungsten at a dissolved species concentration of 10"* M is shown in Figure 

3.1 [3.3]. The Pourbaix diagram represents the theoretical circumstances for which 

tungsten should passivate or corrode [3.4]. Within the water stability limits, it may be 

seen from this figure that W04^" is stable above pH 6, indicating that tungsten should 

dissolve to form the aqueous species at neutral to basic pH. Between approximately pH 

2 to 6, polynuclear aqueous species [Wi204i'°' and Wi2039^] are stable. Below about 

pH 2, the solid trioxide of tungsten (WO3) is stable. 

The physical properties of tungsten trioxide (WO3) are presented in Table 3.2 [3.1]. 

It should be recognized that at pH < 6, tungsten must go through the intermediate solid 

phase of WO2 (+4 valence) before forming solid WO3, or dissolving to the polynuclear 

species (+6 valence). WO2 is a brown solid which is a metallic conductor, while WO3 

only an ionic conductor [3.5]. 
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Figure 3.1. Potential - pH equilibrium diagram for tungsten - water system at 25°C 
for a dissolved tungsten level of 10"* M. Dotted lines represent water 
stability limits [3.3], 
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Table 3.1. Physical properties of tungsten [3.1]. 

Classification Transition metal 
Atomic number 74 
Atomic weight 183.93 
Melting point 3410°C 
Density 19.3 g/cc 
Young's Modulus 59 X 10^ psi 
Specific resistance 5.6 liD cm 
Thermal conductivity 171.5 W/m°C (27°C) 
Hardness (Mohs - scratch) 6-6.5 
Crystal Structure BCC 
Color Grey-black 

Table 3.2. Physical properties of tungsten trioxide (WOs) [3.1|. 

Classification Oxide 
Atomic number 74 & 8 
Atomic weight 231.92 
Melting point 1473°C 
Density 7 .16 g/cc 
Hardness (Mohs - scratch) 6 - 7  
Crystal Structure monoclinic 
Color Bright yellow 

A number of direct current (DC) electrochemical investigations have been reported 

in the literature for tungsten [3.6 - 3.10], A study by Heumann and Stolica [3.7] 

focused on the anodic dissolution of tungsten metal in buffered solutions of pH 0.3 to 

12. The electrochemical behavior of plexigum and graphite electrodes of tungsten, 

WO2, Wig049, or WO3 powders was also examined by these investigators. In the pH 

range from 2 to 8, the open-circuit potential of solid tungsten was found to decrease by 

43 mV per pH unit increase. Current/potential curves of WO2 electrodes were found to 

have the same characteristics as those of solid tungsten. DC anodic polarization of 
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tungsten in the pH range of 2 to 8 indicated a corrosion current density for tungsten of 

approximately 10"^ to 10"^ A/cm^ near the open circuit potential. This corresponds to a 

tungsten dissolution rate of 0.1 to 1 A/min. An investigation of tungsten dissolution at 

pH 13 to 14 was also conducted by Heumann and Stolica [3.8]. Using weight loss and 

coulometric methods, the valence of dissolved tungsten was determined to be 6.0, in 

agreement with Eh-pH thermodynamic calculations. DC anodic polarization of solid 

tungsten in the pH range of 13 to 14 indicated a corrosion current of approximately 10"^ 

to 10"* A/cm^ near open circuit potential. This corresponds to a tungsten dissolution 

rate of 1 to 10 A/min. The rate-determining step was proposed to be the attack of WO2 

formed as an intermediate product by OH' as shown in Eq. 3.1. Once WO3 is formed, it 

is dissolved rapidly by OH" according to Eq. 3.2. 

WO2 +0H" -> W03(s) + H* + 2e' (3.1) 

W03(s) + OH- HW04' 
t; 
W04"^ + H* (pKa=^3.5) [ref3.11] (3.2) 

A report by Vas'ko [3.9] indicates that in the pH range from 0 to 10, the dependence 

of open-circuit potential of tungsten on pH is nearly linear, with a slope around 50 

mV/pH. The presence of an oxidizing agent such as H2O2 was reported to cause a 

significant increase in open-circuit potential values. In his investigation of the anodic 

oxidation of tungsten metal in basic aqueous solutions, Kelsey [3.10] found the anodic 

Tafel slope at all concentrations of hydroxide to be 0.14 V/decade. Cathodic Tafel 

slopes ranged from 0.07 to 0.20 V/decade. From anodic and cathodic polarization data. 
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the dissolution current of tungsten was calculated to be of the order of 10"' A/cm^, 

corresponding to a dissolution rate of about 1 A/min. The rate-determining step for 

tungsten dissolution was proposed as Eq. 3.4, followed by OH" ion assisted dissolution 

of W03H(s) to the WO/^caq) species. 

W(s) +4 OH" W02(s) + 4e" + 2 H2O (3.3) 

slow 
W02(S)  + OH" -> W03H(S) + e" (3.4) 

There seems to be a general agreement from these studies that a thin, protective 

oxide layer is present on the tungsten surface over nearly the entire pH range. An 

increase in the passive oxide dissolution rate is known to occur at pH values above 8. 

WO3 films are rapidly dissolved away in highly alkaline solutions [3.12], 

The AC impedance or Electrochemical Impedance Spectroscopy (EIS) method has 

been used to investigate the electrochemistry of tungsten films [3.13, 3.14]. In the study 

by Armstrong et al. [3.13], the electrochemical impedance of a high purity tungsten 

metal electrode rotated at 150 rpm was measured in a three electrode cell at different 

applied overpotentials during exposure to a 0.5 M Na2C03/0.5 M NaHC03 solution at 

pH ~ 12. Impedance measurements indicated only a solution resistance (R501), in series 

with a charge transfer resistance (Ret) and a double layer capacitance (Cdi) in parallel. A 

Warburg diffusion element was additionally present when the electrode was polarized 

and tested by AC impedance at anodic overpotentials where a limiting anodic current 

density was reached. The equivalent circuit proposed by Armstrong et al. [3.13] for the 

tungsten/solution interface measured at open circuit (rest) potential was a simple R(RC) 
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circuit, also know as a Randies circuit. The charge transfer resistance measured at the 

rest potential was about 36 Q/cm^. This low value indicates that tungsten should readily 

dissolve in alkaline media, which is indeed the case at alkaline pH values above 8 

[3.12], 

More recently. Stein et al. [3.14] conducted AC impedance measurements of CVD 

W films exposed to CMP slurries using a simultaneous polisher and electrochemical 

tester. Identical to resuhs reported by Armstrong et al. [3.13], Stein et al. [3.14] 

concluded that the equivalent circuit model for CVD W measured in the experimental 

slurries (alumina based slurries containing O.I M Fe(N03)3 at pH 1.8 or 0.1 M KIO3 at 

pH 3 .7) was a simple Randies circuit consisting of a solution resistance (Rsoi) in series 

with the charge transfer resistance (R<a) and a double layer capacitance (Cdi) in parallel. 

Stein et al. [3.14] did not report values for charge transfer resistance or double layer 

capacitance. 

3.1.2. CMP of Tungsten Films 

Tungsten films are typically deposited by a low pressure chemical vapor deposition 

(LPCVD) process which uses H2 and SiH4 reduction of WFe. For multilevel 

interconnects, tungsten in usually deposited as a blanket film over a TiN adhesion layer 

to fill contact holes and vias on a planarized wafer. Following deposition, the tungsten 

overabundance is removed by CMP. General structures formed using tungsten CMP 

include lines (dual damascene and local interconnects) and studs (contacts and vias) 

[3.16-3.19]. 
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The polishing of CVD tungsten is typically conducted at acidic pH (pH < 4) in a 

slurry containing alumina or silica abrasive, and an oxidant such as hydrogen peroxide, 

ferric nitrate, or iodate salt. Typical removal rates reported for tungsten CMP range 

from 1500 to 6000 A/min. Hydrogen peroxide based commercial tungsten CMP 

slurries are characterized by a pH value of 4 and a potential with respect to the 

hydrogen electrode (Eh) of 0.57 V (oxidizing conditions). Under these Eh and pH 

conditions, the aqueous polytungstate species Wi204i"'° is the most stable phase, but the 

formation of this phase is proceeded by a WO2 phase. If the dissolution of WO2 to 

Wi204r'° is slow, then the presence of WO2 may be expected on tungsten during 

polishing at pH values in the vicinity of 4. Similarly, at pH values below 2, the 

formation of WO3 is proceeded by the WO2 phase. As such, the presence of a duplex 

oxide consisting of WO2 and WO3 is expected [3.3, 3.6]. 

As recently as 1991, a mechanism for tungsten removal during CMP was proposed 

by Kaufrnan et al. [3.20]. In this study, potassium ferricyanide was used as an oxidant, 

ethylene diamine as a complexing agent, and KH2PO4 as a pH buffer (pH ~ 6). The 

tungsten removal during CMP was proposed to be one of continuous, self-limiting 

oxidation of the tungsten surface, and subsequent mechanical removal of the oxide by 

abrasives contained in the slurry. They proposed that two competing reactions were 

occurring during tungsten CMP; etching shown as Eq. 3.5, and passivation shown as 

Eq. 3.6. 

W + 6Fe(CN)6'^ + 4H2O ^ W04"^ + 6 Fe(CN)6"* + 8 (etching) (3 5) 

W + 6 Fe(CN)6'"^ + 3 H2O —> WO3 + 6 Fe(CN)6"' + 6 FT (passivation) (3.6) 
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Tungsten removal was thought to occur by layer by layer removal of the oxidation 

product of tungsten. Figure 3.2 illustrates the sequence described by Kaufman et al. 

[3.20] for tungsten removal during CMP. However, no experimental evidence was 

presented to prove that the tungsten surface was indeed covered with an oxide under the 

experimental conditions. Additionally, no electrochemical evidence was presented to 

justify the proposed mechanism of tungsten removal by oxidation and mechanical 

removal of the oxidation product. 

Recently, electrochemical investigations aimed at understanding the CMP of 

tungsten have been reported [3.14, 3.21 - 3.23]. In the study by Streinz et al. [3.23], a 

bulk tungsten metal rotating disc electrode was used in conjunction with a SUBA 500 

polishing pad in a three electrode elearochemical cell to measure the tungsten 

dissolution rates during polishing. In the presence of proprietary commercial slurry, 

potentiodynamic polarization data indicated a tungsten dissolution rate of 

approximately IxIO"* A/cm^ after repassivation, and 2x10'^ A/cm^ during abrasion. 

This corresponds to a tungsten removal rate of about 10 A/min after repassivation, and 

about 2000 A/min during abrasion. The authors state that the measured electrochemical 

dissolution rates were consistent with the mechanism proposed by Kaufman et al. 

[3.20], However, actual polishing rates of CVD tungsten were not correlated with 

electrochemical dissolution rates of the metal rotating disc electrode. The purity and 

microstructure of the tungsten rotating disk electrode was not specified in the report. 
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Figure 3.2. Schematic illustrating the proposed mechanism for tungsten removal 
during CMP [3.20]. 
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In the study by Stein et al. [3.14], a stationary high purity CVD W (thin film) 

working electrode was abraded using a simultaneous polisher and electrochemical 

tester. The electrochemical dissolution rate of the CVD W film was measured during 

and after abrasion using a three electrode cell configuration. CVD W films were tested 

during exposure to a 5% by weight alumina based slurry containing 0.1 M Fe(N03)3 at 

pH 1.8 or O.I M KJO3 at pH 3.7. During abrasion at 6 psi and 0.33 m/s (relative 

velocity), the polishing (removal) rate of CVD W was measured between 1100 and 

1600 A/min. The corrosion current density of CVD W during abrasion was about 100 

laA/cm^, corresponding to a dissolution rate of about 10 A/min. The electrochemical 

dissolution rate was very small compared to the polishing rate. The electrochemical 

dissolution rate reached a maximum of about 20 A/min under the polishing conditions 

evaluated. This evidence suggests that the mechanism for tungsten removal during 

CMP was not removal of the electrochemical oxidation product, but mechanical 

removal of metallic tungsten. 
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3.2. ALUMINUM 

3.2.1. Al-Cu and Al-Si-Cu Based Interconnects 

Pure Al was initially used for interconnects in bipolar circuits. The discovery of 

electromigration failures led to the addition of up to 4% by weight Cu in Al. For 

contacts to n" and p' materials, PtSi and Pd2Si were used in conjunction with bamer 

metals such as TiW between aluminum and the noble metal silicides. The progress of 

MOS circuits forced the use of Al-Si alloys because of the junction spiking problem. A 

small percentage of Cu was added to the first level Al-Si metallizations to reduce 

hillock growth. Increasing performance and decreasing feature size led to 

electromigration and stress voiding becoming the major issue in CMOS circuits, and the 

Al alloy of choice became .Al-l%Si-0.5%Cu. The most prevalent Al-based interconnect 

for current half micron and sub-half micron circuits consists of a triple layer of Al-Si-

Cu alloy sandwiched between two layers of Ti or TiN. Ti is added below the bottom 

TiN layer of the first metal layer as a contacting layer to Si. It has also been used below 

the top TiN layer, in contact with Al, to improve the reliability of interconnects and vias 

[3.24, 3.25]. 

Figure 3.3 shows the equilibrium phase diagram calculated for the binary Al-Cu 

system [3.26], It may be seen from the diagram that for aluminum alloys containing 

0.5% Cu by weight, two phases are expected at temperatures below 200°C. The 

primary phase is FCC aluminum with a very small amount of dissolved copper. The 

secondary phase, which is represented as theta (0), is an AlxCuy compound. This theta 
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Figure 3.3, Binary phase diagram for Al - Cu system [3.26], 
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phase tends to precipitate along grain boundaries when the aluminum alloy is first 

heated sufficiently to dissolve the copper into solution, and then subsequently cooled to 

temperatures below the solidus line. This process is commonly referred to as age or 

precipitation hardening. Precipitation of the theta phase along the grain boundaries 

gives rise to copper depleted regions just adjacent to the grain boundary. This results in 

the formation of anodic and cathodic sites in the vicinity of grain boundaries that cause 

the Al-Cu alloy to be more susceptible to corrosion. 

The relative phases present at 25°C and 200°C were calculated for the binary Al-

0.5%Cu alloy from the computational thermodynamic program "THERMO-CALC" 

available for limited use on the world-wide internet from the Royal Institute of 

Technology, Stockholm, Sweden [3.27], The calculations were carried out using one 

mole of total components at 1 x 10' Pa pressure. Similar calculations were carried out 

for the ternary Al-l%Si-0.5%Cu system at 25°C and 200°C. The results have been 

tabulated in Table 3 .3. 

Table 3.3. Equilibrium phases present at 2S°C and 200°C for Ai-O.S%Cu and 
AI-l%Si-0.5%Cu alloys. Calculations made using one mole of total 
components at 10^ Pa pressure [3.27]. 

Alloy rwt%> Temo f°C) 
Phases Present (mole frac.) 

*FCC Al **AICu Theta Silicon 
Al-0.5%Cu 25 0.9936 0.0064 -

200 0.9952 0.0048 -

Al-l%Si-0.5%Cu 25 0.9840 0.0064 0.0096 
200 0.9857 0.0048 0.0095 

* FCC A1 contains ~I0'^ (200°C) or-10"^ (25°C) mass fraction dissolved Cu and/or Si 
** AlCu theta phase is approximately 56% Cu and 46% A1 by mass fraction 
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From Table 3.3, it may be seen that two distinct phases are present in the AJ-0.5%Cu 

alloy at equilibrium at 25°C. The major phase present is nearly pure FCC aluminum at 

-0.9936 mole concentration (per one mole). The secondary minor phase is the theta (I) 

phase which is a precipitate having a ~1:1 ratio of aluminum to copper. The Al-l%Si-

0.5%Cu alloy forms three distinct phases at equilibrium at 25°C. These consist of 

predominantly pure FCC aluminum at ~ 0.985 mole concentration, minor amounts of 

the theta (I) precipitate phase, and a pure diamond cubic silicon phase. 

3.2.2. Electrochemistry of Aiuminum 

The physical properties of aluminum are listed in Table 3.4 [3.1]. Aluminum, the 

most abundant metal in the earth's crust, exhibits only the trivalent state in its 

compounds and in solution. At pH < 3, Al'^ remains in an unhydrolyzed state, the main 

mononuclear species being A1(H20)6 ̂ . It forms strong complexes only with hydroxide 

and fluoride ligands. The Al*^ cation can be hydrolyzed extensively to form solutions 

of polynuclear hydroxide complexes which can be stable indefinitely but in fact are 

metastable with respect to the precipitation of the hydroxide [Al(OH)3, gibbsite] [3.2]. 

Sparingly soluble salts of aluminum include phosphate and oxinate. Calcium 

aluminate is also sparingly soluble. The principal aluminum complexes are those 

formed with the anions of organic compounds (acetic, citric, oxalic, etc.) [3.28 - 3.30], 
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Table 3.4. Physical properties of aluminum [3.1|. 

Classification Metal 
Atomic number 13 
Atomic weight 26.981 
Melting point 660.4°C 
Density 2.699 g/cc 
Young's Modulus 10 X 10^ psi 
Specific resistance 2.66 cm 
Thermal conductivity 238.5 W/m °C (27°C) 
Hardness (Mohs - scratch) 2-2.9 
Crystal Structure FCC 
Color Silver white 

Figure 3.4 presents the potential (Eh) - pH equilibrium diagram calculated for 

aluminum at a dissolved aluminum concentration of 10"^ and 10"* M [3.31]. 

Aluminum is considered a very base metal, the whole of its stability lying below the 

water stability limits. When exposed to most aqueous electrolytes, aluminum 

decomposes water, evolving hydrogen gas. The potential - pH diagram (10"* M) 

indicates that at pH greater than about 10.5, aluminum decomposes water with the 

evolution of hydrogen, dissolving as aluminate ions (AIO2"). Below a pH of about 3, 

aluminum decomposes water with the evolution of hydrogen, dissolving as trivalent 

AP^. Between pH 3 to 10.5, aluminum is passivated, forming a stable hydrated oxide 

(AI2O3). 

The properties of passive films on aluminum have been well reviewed [3.28, 3.32 -

3.36]. It was shown as early as 1932 that the anodic oxide film consists of two layers; a 

porous, thick outer layer growing on an inner layer which is thin, dense, and 
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Figure 3 .4. Potential - pH equilibrium diagram for aluminum - water system at 25°C 
for a dissolved aluminum level of 10 and 10 M. Dotted lines represent 
water stability limits [3.31]. 
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dielectrically compact. This inner layer is often referred to as the active layer, barrier 

layer, or dielectric layer. This layer is very thin, i.e., usually between 0.5 and 2.0% of 

the total oxide film. Its thickness depends on the composition of the electrolyte and the 

anodizing conditions. Barrier type films, which are thin and compact, can form in 

electrolytes where the oxide film is insoluble. Porous type films can form in 

electrolytes where the oxide is slightly soluble, such as solutions containing oxalic acid 

[3 .36]. The physical properties of aluminum oxide (AI2O3) are listed in Table 3 .5 [3 .1]. 

It has been established that the barrier layer formed by anodizing is of the same nature 

as the natural oxide film formed in the atmosphere. Barrier layer and porous films can 

also be distinguished in chemical oxide coatings and on electropolished surfaces. 

Table 3.5. Physical properties of aluminum oxide (AI2O3) [3.1|. 

Classification 
Atomic number 
Atomic weight 
Melting point 
Density 
Young's Modulus 
Electrical Resistance 
Thermal Conductivity 
Hardness (Mohs - scratch) 
Crystal Structure 
Color (solid - powder) 

9 
Hexagonal 
White/black/grey/brown/blue 

Oxide 
13 & 8 
102 

I725°C 
3.9 g/cc 
55 x 10^ psi 
10'^ ohms mmVcm 
32W/m°C (25°C) 

The corrosion of aluminum and its alloys has been studied extensively. According 

to Vetter [3.35], the processes for corrosion to occur for a passive (oxide covered) metal 

are: (a) metal ion transfer at the metal/oxide interface, (b) metal ion and oxygen ion 
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transfer at the oxide/solution interface, (c) ion migration in the oxide film, and (d) 

electron transfer from the metal to some acceptor in the solution (FT or O2). 

The corrosion rate of aluminum typically increases with increasing impurity content 

of the metal. Anodic dissolution of the metal does occur at substantial rates in solutions 

containing aggressive anions, most notably choride ion (CI"), or in strongly alkaline 

media. The CI' ion is known to induce pitting and promote corrosion in various media 

[3.37 - 3.42]. Similar results have been found for bromide (Bf). Bohni and Uhlig 

[3 .42] reported that the pitting tendency of aluminum in Br" was less pronounced than in 

Cr. Iodide ion, however, showed a tendency to inhibit pitting corrosion at all 

concentrations. 

Sulfur, acetate, citrate, and nitrate ions exhibit inhibiting tendencies, and the 

tendency increases with increasing concentration. The inhibiting tendency of the ions 

increases in the order nitrate < acetate < sulfate < citrate. The nitrate ion was found to 

have a maximum inhibiting effect in chloride solution [3.43]. Observations by 

Frankenthal [3.44] indicate that the presence of NO3' in the solution (nitric acid) 

interferes with adsorption of other ions on the metal surface. The critical current 

density for passivation of aluminum decreased with increasing NO3" concentration. 

In a recent study by Tabrizi et al. [3.45], the long-term corrosion of commercially 

pure (> 99.5%) aluminum in alkaline media was investigated. Table 3.6 summarizes 

corrosion rates reported for aluminum in alkaline media from the literature [3.45 -

3.49], Table 3.7 lists the data from Tabrizi et al. [3.45], conducted on aluminum after 

40 days exposure in alkaline (NaOH) media. 
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Table 3.6. Corrosion rate data for aluminum in alkaline solution [3.45 - 3.49]. 

Corrosion Rate 
DH Temo TO vear> (A/min) Exposure time Ref. 
9 25 22 0.16 short term 3.46 
9 25 45 0.32 1 h 3.47 
9 25 <30 0.21 7 days 3.48 
9 60 (alloy) 242 1.73 7 days 3.49 
10 25 280 2.0 short term 3.46 
10 25 355 2.53 1 h 3.47 
10 25 55 0.39 7 days 3.48 
10 60 (alloy) 670 4.78 7 days 3.49 

Table 3.7. Corrosion rate data for aluminum after 40 days exposure [3.45]. 

Temp (°C) 

30 

30 

30 

30 

60 

60 

60 

60 

Corrosion Rate 

(g/m^ year) (A/min) 

110 0.78 

130 0.93 

270 1.93 

285 2.03 

165 1.18 

65 0.46 

590 4.21 

170 1.21 

Conditions 

pH 10, solution replenished 

pH 10, 1000 ppm cr 

pH 11, solution replenished 

pH 11, no replenishment 

pH 10, solution replenished 

pH 10, 1000 ppm cr 

pH 11, solution replenished 

pH 11, no replenishment 

The data in Tables 3.6 and 3.7 clearly indicate that the corrosion rates of aluminum 

in alkaline media are very low, approaching only ~5 A/min or less even in highly 

alkaline media at elevated temperature at short or long term exposures. In buffered 

acidic media below pH 3, Chatalov [3 .46] found that the corrosion of aluminum was far 
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less than 1 A/min. The dissolution of aluminum reached a minimum at pH 6, at which 

the corrosion rate was infinitesimal. 

The corrosion behavior of 1060 aluminum alloy (0.12% Si, 0.02% Fe, 0.04% Mn) 

was investigated in nitric acid based solutions by Singh et al. [3.43]. From this study. 

Table 3.8 lists the dissolution rate, corrosion potential, and limiting current density for 

Al exposed to 1,5, 10, and 20% nitric acid (wt%) solutions at 25°C. 

Table 3.8. Aluminum dissolution rate, corrosion potential (vs. SHE), and 
limiting current density values for 1060 aluminum exposed to nitric 
acid solutions at 2S°C [3.43]. 

Corrosion Rate Limiting 
% HNO. mol/I Efi fmm/vear) (A/min> Pot. (V) CurrentfA/cm ) 

1 0.16 -0.8 -0.4 7,6 -0.502 -5 X 10"* 
5 0.79 -0.1 -0.8 15.2 -0.493 - 7 x  1 0 " *  
10 1.58 - -1 19 -0.382 -1 x 10"^ 

*20 3 . 1 7  - -2 38 -0.217 -1 X 10-^ 

^maximum dissolution of Al occurs at 20% HNO3 [3.50] 

From Table 3.8, the dissolution rate (A/min) measured in 1 to 20% nitric acid 

solution corresponded to a corrosion current density of between 40 and 190 (aA/cm^ 

respectively. DC anodic polarization curves measured in the study [3.43] indicate that 

corrosion current densities were in the range of about 50 to 200 |j.A/cm^ (10 to 40 

A/min) near the open circuit potential of Al, consistent with dissolution rate (weight 

loss) measurements. The cathodic Tafel slopes estimated from DC cathodic 

polarization curves ranged from -0.13 V/decade (1% HNO3) to approximately 0.1 

V/decade (20% HNO3) for Al exposed to nitric acid solutions. Anodic Tafel slopes 
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could not be determined from the published data. An anodic Tafel slope of 0.16 

V/decade was reported by Brown and Whitley [3.51] in caustic alkaline solution (4.0 M 

KOH) for 99.999% AJ. The authors also reported an anodic Tafel slope of 0.2 V/decade 

for AJ in 1.0 M KOH, independent of scan rate. Dissolution rates for aluminum could 

not be determined from the published data. The dissolution rate of 1100 A1 has been 

reported for aqueous solutions containing phosphoric acid at room temperature [3.52]. 

The dissolution rate was 48 to 580 A/min at 5 to 85% phosphoric acid concentration, 

respectively. 

In a study by Hurlen et al. [3.53], polarization behavior of 99.998% purity A1 was 

investigated in acetate solutions of pH 3.7 and 5.7 at 25°C. Table 3.9 indicates the 

estimated Tafel slopes and extrapolated corrosion current density from the published 

data. The corrosion current densities measured correspond to a dissolution rate of 

approximately 0.2 A/min in the pH range examined. 

Table 3.9. Tafel polarization data for 99.998% purity aluminum tested in 
acetate solutions at pH 3.7 or 5.7 (T = 25°C) (3.53|. 

Solution fiH BafV/decade) BcfV/decade) Icorr (A/cm^) 
A. I.OMHAC 

0.1 M NaAc 
3.7 -0.25 -0.17 - 1 X 10"  ̂

B. 0.1 M Hac 
1.0 M NaAc 

5.7 -0.27 -0.14 ~ 0.75 x 10^ 
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3.2.2.1. Stress Corrosion Cracking of Al Alloys 

The available literature on stress corrosion cracking (SCC) of aluminum has been 

reviewed by Burleigh [3.54], 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 results in hydrogen 

induced cracking. The third theory attributes cracking to the rupture of the passive film 

along the grain boundary. There are a large variety of Al alloys that have been studied 

with respect to SCC. Some of these alloys include pure Al (Ixxx), Al-Cu alloys (2xxx), 

Al-Cu-Li alloys (2xxx and 8xxx), Al-Mg alloys (5xxx), and Al-Zn-Mg alloys (7xxx). 

It is generally agreed that SCC requires three conditions. First, the alloy must be 

susceptible; second, there must be a specific environment (water or saltwater for Al); 

and third, there must be a tensile stress. Some Al alloys such as 6061-T6, and 3004 are 

generally considered immune to SCC. In addition, SCC depends on the orientation of 

the grains within the specimen. For SCC, the stress (or component of the stress) must 

be perpendicular to the grain boundaries so as to open them up. SCC is also a time 

dependent process. Some alloys take a long time for the crack to initiate, but then the 

crack propagates very rapidly. This behavior makes SCC an extremely dangerous 

failure mechanism in large Al support structures. Most research on Al SCC has been 

conducted using bent-beam specimens, C-rings, stressed smooth tensile bars, DCB or 

double-cantilever beam, etc. SCC testing of aluminum alloys typically involved 

constant extension rate tests, slow strain rate tests, or straining electrode tests. Usually, 
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a tensile machine pulls a smooth sample that is exposed to the corrosive environment at 

a low crosshead speed (10"^ to 10"^ m/s). The strain to failure in the corrosive 

environment and the strain to failure in an inert environment could then be plotted 

against the strain rate to yield data on SCC susceptibility. Frequently, this type of test 

was used to evaluate the influence of metallurgical variables such as heat treatment on 

SCC resistance. Other tests have been conducted on statically loaded, pre-cracked 

samples using either a constant applied load, or a fixed crack opening displacement, and 

the actual rate or velocity of crack propagation was measured. The magnitude of the 

stress distribution at the crack tip (the mechanical driving force for crack propagation) 

is quantified by the stress intensity factor (K) for the specific crack and loading 

geometry [3.55, 3.56]. 

Although effective, these techniques are inappropriate for analyzing thin films of Al. 

Other researchers have used thinned TEM specimens to evaluate the relationship 

between microstructure and corrosion attack of Al-Cu (2xxx) alloys. Hunter et al. 

[3.57] of Alcoa (1963) demonstrated the relationship between microstructure and 

corrosion attack in alloy 2024. Their technique was to use thinned TEM specimens that 

were immersed in NaCl/H202 solution for about 90 seconds, cleaned in nitric acid, and 

then examined using TEM. It was found that depending on aging treatment and quench 

rate, the samples were either uniformly pitted, or exhibited intergranular attack, or 

exhibited both. Hunter et al. [3.57] concluded that the intergranular attack was anodic 

dissolution of the copper depleated zone, which was present along the grain boundaries 

under certain aging and quenching conditions. Izu et al. [3.58] (1984) showed that the 
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time to failure of stressed alloy 2017 was dependent on the applied current density, and 

not on the applied stress. They concluded that local anodic dissolution was the 

controlling factor in the SCC of this alloy. Gruhl [3 .59] (1984) proposed that Al-Cu-

Mg (2xxx) alloys did not truly stress corrosion crack, but rather exhibit intergranular 

corrosion, which can occur without stress, but is accelerated under stress. For Al-Cu-Li 

alloys, Rinker et al. [3.60] (1984) proposed that SCC was due to preferential corrosion 

of a T1 phase (Al2CuLi) which precipitated at the grain boundaries. The T1 phase was 

said to be more electronegative than the grain boundary interior, thus it dissolved and 

left the grain boundary weakened. For Al-Cu alloys (and Al-Cu-Li alloys), the majority 

of researchers proposed that the mechanism of SCC is crack tip anodic dissolution 

along the grain boundaries. 

Intergranular (intercrystalline) corrosion is the selective attack of grain boundaries or 

closely adjacent regions without appreciable attack of the grains themselves. 

Intergranular corrosion is caused by potential differences between the grain boundary 

regions, and the adjacent grain bodies [3.61, 3.62]. The dissolving phase could be the 

depleted zone along the grain boundary, the grain boundary itself, or the precipitates 

along the grain boundary. Additionally, localized stress at the grain boundary can make 

it anodic and susceptible to dissolution, thus weakening the grain boundary matrix and 

causing SCC. The location of the anodic path varies with the different alloy systems. 

In 2xxx series alloys (Al-Cu), it is a narrow band on either side of the boundary that is 

depleted of Cu; in 5xxx series alloys, it is the anodic constituent Mg2Al3 when that 

constituent forms a continuous path along a grain boundary. 
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3.2.3. CMP of Aluminum Films 

Prior to the development of the A1 CMP process, electrobrightening and chemical 

brightening were the primary techniques used for AJ surface finishing [3.63], These 

techniques are still used today. Chemical brightening is most commonly used because 

it is a less expensive process. The aim of both processes is to remove minute 

protrusions on the A1 surface without the formation of abrasive inclusions or etch 

patterns. This resuhs in an increase in luminous reflectance or specularity. In the 

chemical process, microscopic galvanic cells cause A1 etching. Chemical polishing 

occurs as minute protrusions on the A1 surface are attacked. A chemical brightening 

solution patented by Cohn [3.64] in 1956 uses 95% H3PO4 (85% furnace grade), and 

5% concentrated HNO3. The mechanism for A1 brightening using this chemistry was 

proposed by Satee [3.65] to involve the formation of a uniformly distributed AI2O3 

coating on A1 as shown in Eq. 3.7. The AI2O3 is immediately re-dissolved by H3PO4 

according to Eq. 3.8. The high concentration of H3PO4 and the low concentration of 

HNO3 guarantee that the rate of reaction 3 .8 is greater than that of reaction 3 .7. Thus, 

chemical brightening occurs. 

4A1 + 4HNO3 ^ 2AI2O3 + 2NO2 + 2H2O + N2 (3.7) 

AI2O3 + 2H3PO4 ^ 2AIPO4 + 3H2O (3.8) 

One method of controlling the polishing rate is to add heavy metal ions such as Cu^*. 

In a study of chemical brightening by Andrus and Pettit [3 .66], Cu^* ions were added to 

the above solution chemistry. These ions were cathodically reduced to form a thin, 

uniform precipitate on the AJ surface. The presence of Cu^' ions caused Cu metal to 
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deposit preferentially at grain boundaries, preventing excessive attack at these regions 

and contributing to specularity. Concentrations of Cu*^ above 300 ppm resulted in a 

black smut forming on the polished surface. 

A polishing slurry for CMP of Al-Cu alloys was developed by IBM researchers (US 

Patent # 4,944,836) [3.67] based on a formulation of 1 gram AI2O3 (0.06 (4.m primary 

particle size) per 1.1 liter deionized water which also contained sulfuric, nitric, or acetic 

acid at pH 2.2 - 2.8. Table 3.10 indicates the removal rates for Al-Cu and sputtered 

Si02 films obtained when polished in the test slurries using an 18" diameter Strasbaugh 

single sided wafer polisher in conjunction with a commercially available Rodel 210 12 

pad. A slurry flow rate of 120 cmVmin and polishing pressures of 2 to 8 psi were 

specified in the patent. The specific polishing pressure and linear velocity was not 

specified for the tabulated data. 

It may be seen from the data in Table 3.10 that the removal rate of Al-Cu films 

ranged from 300 A/min in the slurry containing only alumina and deionized water. The 

removal rate was 1500 A/min in the slurry containing alumina, deionized water, and 

acetic acid at pH 2.8. The slurry containing alumina, deionized water, and nitric acid 

had a removal rate of 1070 A/min, and the highest selectivity for removal of Al-Cu vs. 

sputtered SiOi (13:1). This high selectivity indicates that the nitric acid based slurry 

was the most suitable for polishing metal damascene structures where the underlying 

dielectric (oxide) layer acts as the polishing stop. 
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Table 3.10. Removal rates for Al-Cu and SiOz films polished in 0.1% by weight 
alumina based slurries containing sulfuric, nitric, or acetic acid at 
pH 2.2 - 2.8 [3.67]. 

No. 
Slurry 
Comoosition 

Al-Cu 
Rate 

Sputtered 
SiO^ Rate 

Selectivity 
Ratio 

1 Alumina + DI 300 A/min 300 A/min 1:1 

2 Alumina + DI 
+ H2SO4, pH 2.2 

850 A/min 330 A/min 3:1 

3 Alumina + DI 
+ HNO3, pH 2.2 

1070 A/min 80 A/min 13:1 

4 Alumina + DI 
+ acetic acid, pH 2.8 

1500 A/min 425 A/min 3:1 

The chemical mechanical polishing of aluminum is commonly carried out at acidic 

pH in the presence of an abrasive and an oxidizer such as hydrogen peroxide, and 

phosphoric acid (phosphate ion). The addition of phosphate ion enhances aqueous 

corrosion of aluminum during CMP and raises polishing rates. In a recent publication 

[3.68], the mechanism for a phosphoric acid - hydrogen peroxide based slurry for CMP 

of aluminum was cited [3.69]. 

A1(0H)3 + 3 H2O A1(0H2)3(0H)3 (3.9) 

2 A1 + 3 H2O2 -> AI2O3 + 3 H2O 2 A1(0H)3 (3.10) 

A1(0H2)3(0H)3 + H3PO4 ^ AIPO4 +6H2O (3.11) 

In the above sequence of reactions, the H2O2 oxidizes the metal surface. The action 

of the acid continually etches the AI2O3 while the slurry abrasive mechanically abrades 

the surface. Removal rates of 2000 to 3000 A/min were quoted for an Al-l%Si-0.5% 
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Cu alloy with no specific abrasive recommended. It is likely that a duplex layer of 

AIPO4 on hydrated AJ2O3 forms on the aluminum surface in the phosphate - peroxide 

system. The selectivity of metal to oxide polishing rates was not specified. 

Hayashi et al. [3.70] developed an abrasive free polishing solution for AI in which 

removal rates of up to 250 A/min were reported using a hydrogen peroxide - amine 

containing solution. Only a cloth was used for rubbing the AI surface during exposure 

to the polishing solution. In this study, it was found that H2O2 cilone did not result in 

substantial Al removal. Only upon addition of increasing amounts of amine did 

removal rates increase to levels about 50 A/min. In this work, the authors proposed a 

mechanism for Al removal in which the Al first forms a surface layer of Alx(OH)y. The 

pad then physically brushes this film away from the surface by mechanical rubbing. 

The authors did not state the pH of the polishing solution, or the specific amine used. 

The selectivity of metal to oxide polishing rate was not reported for the abrasive free 

polishing chemistry. 

The mechanism for aluminum removal during CMP has been sparsely studied. To 

date, no report may be found in the open literature that has investigated the 

electrochemical dissolution of aluminum during abrasion in slurries of interest to CMP. 



66 

Chapter 4 

EXPERIMENTAL MATERIALS AND METHODS 

4.L MATERIALS 

4.LL Tungsten and Aluminum Films 

The tungsten films used in this research were provided by Sandia National 

Laboratories. The tungsten films were prepared by a low pressure chemical vapor 

deposition (LPCVD) process. Tungsten films of approximately 0.9 jim thickness were 

deposited by H2 and SiR} reduction of WFe at 400°C in a Genus 8720 reactor. The 

tungsten was deposited on 150 mm diameter silicon substrates with a 360 A oxide 

(Si02) overlayer and a 500 A titanium nitride (TiN) adhesion layer. For comparison 

purposes, high purity tungsten metal foil of 99.9%+ purity purchased from Aldrich was 

also evaluated. 

Al-l%Si-0.5%Cu films were provided by Advanced Micro Devices, Inc. Aluminum 

films of 0.96 ^im thickness were sputter deposited at 200°C on ISO mm silicon wafers 

with a 200 A oxide (Si02) overlayer and a 300 A titanium (Ti) adhesion layer. Limited 

studies were also carried out on Al-0.5%Cu films of 0.96 |im thickness supplied by 

AT«S:T Bell Laboratories which were sputter deposited at 200°C. Following deposition, 

these films were annealed at 450°C for 1 minute, and further annealed for 24 hours at 

200°C. For comparison purposes, high purity aluminum foil of 99.999%+ purchased 

from Aldrich was also evaluated. 
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4.1.2. Chemicals. Pads. Abrasives 

For preparation of polishing slurries, analytical grade oxidants (Fe(N03)3, KIO3, 

KNO3, KMn04, (NH4)6Mo7024, K3Fe(CN)6) of 99%+ purity purchased from Aldrich 

were used. Semiconductor grade H2O2 (30% conc.) supplied by Olin Hunt Chemicals 

was also used as an oxidant in tungsten and aluminum slurries. For the adjustment of 

slurry pH, dilute aqueous solutions were prepared from semiconductor grade KOH 

(45% conc.) or HNO3 (71% conc.) supplied by Olin Hunt Chemicals. Analytical grade 

H3PO4 of 86% concentration purchased from Fisher Scientific was used in the 

preparation of aluminum polishing slurries. A commercially available alkylphosphate 

anionic surfactant (polyoxyethylene nonylphenyl ether phosphate) Rhodafac RE610, 

from Rhone-Poulanc was used to investigate the effect of surfactant addition to 

aluminum polishing chemistries. 

For electrochemical dissolution experiments, a long napped synthetic rayon cloth 

(Buehler Microcloth) was used as the polishing pad to abrade tungsten and aluminum 

working electrodes. For comparison, a Rodel stacked (SUBA IV/IC 1000) pad 

designed for tungsten polishing, or an experimental buffed foam pad designed for 

aluminum polishing (supplied by Rodel, but not commercially available), were also 

used in a limited number of electrochemical and polishing experiments. 

Two types of abrasives were used during this study. For experiments on tungsten, 

high purity alumina (AI2O3, 99.99%) purchased from CERAC was used to prepare 

slurries. For aluminum polishing, Degussa brand fumed alumina (of 13 nanometer 
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primary particle size) was used because the larger alumina particles in the CERAC 

sample caused rapid film breakthrough during abrasion of the softer aluminum films. 

4.2. METHODS 

4.2.1. Electrochemical Polishing Tool 

A simultaneous electrochemical tester and polishing tool was developed to measure 

the electrochemical behavior of tungsten and aluminum samples in the absence or 

presence of abrasion. The electrochemical polishing tool is shown schematically in 

Figure 4.1. The instrument consists of a computer controlled polishing motor mounted 

on an adjustable vertical support. The polishing motor holds a polypropylene bit to the 

end of which is attached a polishing pad. The three electrode cell consists of a woridng 

electrode, reference electrode, and counter electrode. The metal film sample was 

mounted face up in a sealed Teflon™ electrochemical cell and forms the woridng 

electrode. A double junction, epoxy bodied A^AgCl reference electrode, and high 

purity Pt foil counter electrode were used in the three electrode cell. A metal film 

surface area of 1 cm^ as defined by a Viton™ o-ring was exposed to solutions. The area 

abraded by the polishing cloth was approximately 0.45 cm". During polishing, the 

motor assembly was lowered until the polishing cloth made contact with the sample 

(metal) surface. The polishing pressure was adjustable from 0 up to 60 psi with an error 

of approximately ± 0.2 psi. Pressure exerted on the sample surface due to the polishing 

pad was measured by a load cell mounted under a weight pan that supports the entire 
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Figure 4,1. Schematic of polishing tool and electrochemical test cell used to measure 
the electrochemical behavior of tungsten and aluminum films during and 
after abrasion. 
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electrochemical cell. In this configuration, the pad rotated over the metal sample under 

pressure. The metal sample was stationary during testing. 

4.2.2. Sample Preparation 

For electrochemical test purposes, tungsten or aluminum coated silicon wafers were 

diced into 15x15 mm square samples. A conductive nickel print (purchased from GC 

Electronics) was then applied to the backside and edges of the samples to provide a 

metallic contact from the edge of the metal film to the working electrode lead of the 

potentiostat. In the electrochemical test cell, a Viton™ o-ring was used to make a 

compression seal against the sample, exposing only the front metal surface to the test 

solution. The area of exposed metal in the electrochemical cell was -\ cm^ as defined 

by the o-ring seal. 

Prior to conducting electrochemical tests, bare tungsten samples were etched in a 

45% KOH solution for one minute to remove any native oxide present. Etching was 

conducted after the sample was sealed within the test cell. The sample surface was then 

thoroughly rinsed within the test cell with deionized water. The test solution or slurry 

was then immediately added to the cell, and measurements were performed. 

The ability of the electrochemical polishing tool to indicate passive oxide removal 

during electrochemical measurements was tested by abrading tungsten (thin film) 

samples with a top layer of tungsten oxide film. Tungsten oxide films (WOs-x) of 800 ± 

50 A thickness were grown by anodizing tungsten films in a 0.04 M HNO3, 0.4 M 

KNO3 solution at 40 volts [4.6]. Similarly, passive oxide removal on aluminum was 
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demonstrated by abrading a chemical oxide on aluminum. The chemical oxide was 

formed on aluminum by exposing the aluminum surface to a 15% H2SO4 solution at 

45°C for 5 minutes followed by a DI rinse [3.32]. 

Prior to conducting electrochemical tests, as-received aluminum films of about 0.96 

(xm thickness were etched at 23°C in a 10% H3PO4;I0% H2O2 solution at pH 1.5 (etch 

rate: 66 ± 5 A/min) for 30 minutes. This pre-conditioning etch removed the top 

-- 2000 A of aluminum film. This aspect of aluminum sample preparation will be 

discussed further. Prior to conducting electrochemical tests, the pre-etched aluminum 

samples were further etched within the test cell in a 1 PiN03: I H3PO4 ; 1 H2O etchant 

for one minute to remove any native oxide present [3.1], The samples were then 

thoroughly rinsed with deionized water. The test solution was added to the cell, and 

electrochemical measurements performed. 

Electrochemical tests using tungsten or aluminum foils were conducted using 15 x 

15 mm cut foil specimens. The metal foils were pre-etched prior to testing identical to 

the thin film specimens (on silicon). 

4.2.3. Slurry Preparation 

All polishing slurries used for experimental tests were freshly prepared at 23 ± 2°C. 

Slurries were prepared by first mixing the specific oxidant to be tested in ultra filtered 

deionized water with magnetic stirring and allowing the oxidant to completely dissolve. 

The abrasive particles were then added to the solution with continuous stirring until 

fully dispersed. The pH of the slurry was then gradually adjusted with continuous 
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Stirring until the desired pH was reached and stable. The slurry was generally used 

within one to four hours after preparation in experimental tests. Just prior to any 

experiment, slurries were redispersed by vigorous stirring and the pH adjusted as 

required. Because of this preparation method, the long-term stability of the test slurries 

was not an issue. For tests conducted at elevated temperature, the slurries were 

prepared as previously described. However, after heating to the desired temperature, 

the pH of the slurry had to be readjusted to the specific pH value required prior to 

conducting tests. 

4.2.4. Electrochemical Measurements 

DC electrochemical measurements in the absence or presence of abrasion were 

carried out using an EG&G PARC Model 273 A potentiostat. Open circuit potential vs. 

time, DC anodic polarization, linear polarization, and Tafel polarization measurements 

were conducted using the potentiostat. AC impedance spectroscopy measurements 

were also carried out for tungsten and aluminum films. The DC and AC 

electrochemical techniques have been well reviewed in the literature [4.1 - 4.6]. For 

the three-electrode electrochemical cell configuration, the test sample (working 

electrode) is held at a floating ground. The open circuit potential of the working 

electrode is measured with respect to the reference electrode without any applied 

current between the working electrode and counter electrode. For AC impedance and 

DC polarization measurements, the overpotential of the working electrode with respect 
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to the reference electrode is controlled by passing current between the working 

electrode and the counter electrode. 

4.2.4.1. Tafel Polarization Measurements 

Figure 4.2 illustrates a typical Tafel polarization curve measured by DC polarization. 

The scan is commonly conducted using a cathodic to anodic polarization sweep from -

250 mV to +250 mV with respect to the measured rest potential of the working 

electrode. Scan rates are generally between 0.2 and I mV/sec, although higher scan 

rates may be required in some cases. The corrosion current density (icon-) is the current 

that flows due to chemical dissolution of the metal in solution with no applied 

overpotential. The value of icon- can be calculated using the Stem-Geary equation [4.3]; 

icorr= Ba " Bc (4.1) 

2.3 • Rp (Ba + Be) 

where Rp is the polarization resistance measured by DC linear polarization. Ba and Be 

are the anodic and cathodic Tafel slopes, respectively. As illustrated in Figure 4.2, the 

corrosion current density may also be calculated by extrapolation of the Tafel region. 

In general, a well-defined Tafel region requires at least a decade of current where 

potential is proportional to log i. 

Tafel measurements were conducted for tungsten and aluminum in the absence or 

presence of abrasion. For tungsten films, Tafel measurements were made while 

abrading at 10 psi (30 rpm). The pad pressure was then released, and the open circuit 
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Figure 4.2. Schematic Tafel polarization curve illustrating extrapolation of icon- from 
the anodic (Ba) and cathodic (Be) Tafel slopes, and the equilibrium rest 
potential. 
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potential allowed to stabilize. The Tafel measurement was then repeated at 0 psi (0 

rpm). For aluminum films, Tafel measurements were made at a polishing pressure of 2 

psi (30 rpm). Abrasion of aluminum films was conducted at a lower pressure to reduce 

the occurrence of film breakthrough during electrochemical testing. Tafel measurements 

were also conducted on high purity tungsten and aluminum metal foil samples to 

evaluate the effect of increased pressure and rotation rate on the electrochemical 

dissolution behavior. Pressures ranging fi-om 0 to 60 psi, and rotation rates of 30 to 200 

rpm were evaluated. 

4.2.4.2. Linear Polarization Measurements 

In order to calculate the corrosion current density (icon-) from Tafel data using the 

Stem-Geary equation, the polarization resistance value (Rp) must be measured. This 

was accomplished using the DC linear polarization technique. In this technique, the 

working electrode is polarized from -20 mV to +20 mV from the equilibrium rest 

potential using a scan rate of 0.2 to 0.5 mV/sec. In this range of overvoltages close to 

the rest potential, the polarization behavior (E vs i) is linear, and the slope of the 

polarization line represents the polarization resistance (Rp). 

4.2.4.3. Solution Resistance 

The experimental solution between the reference and working electrode has a 

resistance. This solution resistance couples with the cell current to produce an iR 

potential drop that keeps the working electrode from being at the programmed potential. 
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In solutions of high resistance, the reference electrode is typically contained in a Luggin 

capillary. The tip of this capillary tube is placed very close to the surface of the 

woridng electrode to minimize the path resistance from the working electrode to the 

reference electrode. Another method to correct for solution resistance is the use of a 

programmed iR compensation mode. In this mode, the potentiostat periodically turns 

off the cell for a brief time and measures the potential drop. The potentiostat then uses 

the potential drop to correct the potential. 

For this investigation, a Luggin capillary was not used to contain the reference 

electrode in the electrochemical cell. As such, the iR drop due to solution resistance 

was an issue. To eliminate the problem of solution resistance, a base electrolyte 

containing 0.1 M KNO3 was used to prepare experimental solutions. Figure 4.3 shows 

DC Tafel polarization curves measured for tungsten films tested in 0.1 M KNO3 

solution at pH 1.5 at a scan rate of 0.2 mV/sec. One curve was measured without iR 

compensation. The curve exhibiting periodic noise was measured with iR 

compensation. For this particular experimental scan, the iR compensation was 

correaed every five seconds for a total of 500 interrupts in the 500 mV scan range. It is 

evident from the figure that even though the curves overlay one another almost 

identically, the iR compensated curve is extremely noisy. Similar behavior was 

observed for test scans conducted at higher scan rates with fewer interrupts on both 

CVD W and sputtered A1 films. The experimental data indicates that using the 0.1 M 

KNO3 base electrolyte eliminates the need to use iR compensation in DC polarization 

measurements. 
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Figure 4.3. Tafel polarization curves for CVD tungsten films exposed to 0.1 M 
KNO3 solution at pH 1.5 with no abrasive present in solution. 
Polarization scan conducted at 0.2 mV/sec with and without iR 
compensation. 
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4.2.4.4. AC Impedance Measurements 

AC impedance or Electrochemical Impedance Spectroscopy (EIS) was used to 

analyze the electrochemical response of tungsten films in different slurry chemistries of 

interest to CMP. The advantage of AC impedance over DC electrochemical techniques 

is that AC impedance can yield information on the inductive or capacitive behavior of 

reactions that occur at the metal/solution interface. AC impedance can also provide a 

measurement of polarization resistance (Rp) similar to that measured using the linear 

polarization technique. AC impedance measurements can be carried out at very small 

overpotentials (2 to 3 mV) from the rest potential, so that less error is introduced due to 

surface layer formation during polarization of the working electrode. The 

electrochemical impedance behavior of the metal/solution interface can be analyzed 

using equivalent circuits to calculate interfacial resistive, capacitive, and inductive 

elements [4.7], The presence and relative magnitude of these components in a circuit 

model can provide insight to the reaction mechanisms that occur at an electrode/solution 

interface. 

For AC impedance measurements, CVD tungsten or aluminum samples were 

prepared by dicing metal-coated silicon wafers into 15 x 15 mm squares for test 

purposes. The samples were coated with a backside and edge conductive nickel print. 

Electrochemical testing was carried out using a 300 ml flat cell with a three electrode 

configuration. The three electrode cell consisted of a Ag/AgCl epoxy bodied, double 

junction reference electrode, platinum foil counter electrode, and tungsten working 

electrode. The working electrode area was - 1 cm^, as defined by a Viton^^' o-ring. 

This set-up was essentially identical to that used in DC electrochemical tests except for 
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differences in cell volume and working electrode orientation. It should be noted that 

minor differences in cell volume, cell geometry, or working electrode orientation did 

not significantly impact AC or DC electrochemical data. 

An EG&G PARC Model 6310 Electrochemical Impedance Spectroscopy (EIS) 

analyzer was used for AC impedance measurements. All AC impedance measurements 

on CVD tungsten were conducted with the working electrode at open circuit (rest) 

potential. The AC perturbation signal was a 5 mV (RMS) sinusoidal signal applied 

over the rest potential of the working electrode. The frequency of the perturbation 

signal ranged from 10^ Hz to 10"^ Hz (8 decades). A typical measurement was 

conducted through 6 decades of frequency (10^ to 10'* Hz) at 5 points per decade with a 

minimum test time of about 20 minutes. As with DC measurements, the potential 

between the working electrode and the reference electrode was controlled by passing 

current from the counter electrode and the working electrode. 

The AC impedance method was used to measure the real (Z') and imaginary (Z") 

impedance during AC perturbation as a function of the applied frequency (Hz) of the 

AC signal. From the three data groups (Z', Z", and Hz), Nyquist (-Z" vs. Z') and Bode 

plots (IZI vs. frequency) were then generated and used to calculate equivalent circuit 

fits of the data. The impedance data were fitted to equivalent circuits using the 

"EQUIVCRT" software (version 4.51), which used a nonlinear least squares fit 

(NLLSF) technique [4.8]. The goodness of fit was evaluated from the chi-square 

values. 
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4.2.5. Small-Scale Polishing Experiments 

Small-scale polishing experiments were carried out to measure the polishing rate of 

tungsten and aluminum in experimental slurries. A Buehler Minimet 1000 polisher was 

used to polish T'x 2" tungsten or aluminum coated silicon wafer pieces. The relative 

velocity of the sample during polishing was calculated at between 0.1 to 0.2 ft/sec for 

polishing at 30 to 50 rpm. A 16" diameter CMP tool would have an estimated relative 

velocity of I to 3 ft/sec at 30 rpm. As such, the polishing rates for the small-scale 

polisher are expected to be significantly less than for a commercial CMP tool based on 

Preston's equation, which gives a direct relationship between removal rate and relative 

velocity. For tungsten polishing, a Rodel stacked pad (SUBA VI/IC 1000) pad was 

used. For aluminum polishing, results were obtained using either a Buehler Microcloth, 

or an experimental stacked rubber/buffed foam pad provided by Rodel (no trade name 

given) designed for aluminum polishing. 

Polishing rates were measured by first selectively masking the as-received metal 

films with positive photoresist (Shipley 945) to expose only a small strip of metal. The 

exposed section of metal was then etched away down to the underlying adhesion layer 

(titanium for aluminum films, TiN for tungsten films). Aluminum films were etched 

away using a solution containing 80 mis concentrated H3PO4, 5 mis concentrated 

HNO3, and 20 mis deionized water to give a static etch rate of about 600 A/min at room 

temperature [3.1]. Tungsten films were etched away using a solution prepared from 

305 grams K3Fe(CN)6, 44.5 grams KOH, and 1000 ml of deionized water with a 

reported static etch rate of about 1600 A/min at room temperature [3.1]. When the 
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photoresist mask was stripped away with acetone, a step was left on the sample. The 

step height was then measured using a Tencor stylus profile meter. Polishing of the 

sample was then carried out. After polishing, the step height was then remeasured, amd 

the removal rate calculated based on the polishing time and change in step height. 

4.2.6. Atomic Force Microscopy 

A Topometrix TMX 2000 Discover Atomic Force Microscope (AFM) was used to 

characterize the surface morphology of unpolished (as-received) and polished CVD 

tungsten films, and also sputtered aluminum films in the as-received or pretreated 

condition. For all scans, the AFM was operated in the contact mode using a I x 1 ^im 

area scanner. Line scanning was conducted at a scan rate of 3 fim/sec at a resolution of 

300 lines per scan. 

Samples were prepared for AFM analysis by dicing into 5x5 mm squares. Polished 

samples were first lightly buffed by hand using deionized water and a Buehler 

Microcloth. Hand buffing was necessary to remove residual slurry particles on the 

sample surface. These particles caused the AFM tip to skip over the sample surface 

during scanning, causing streaking in the image. To prevent charge buildup on the 

sample which affects AFM data quality, a conductive nickel print was lightly coated 

onto the backside and edges of the metal-on-silicon samples. The nickel print was also 

used to adhere the wafer piece to a 7 mm diameter steel disc sample support. A brass 

grounding shim was used between the steel sample disc and the magnetized scanning 

platform to ground the sample and prevent charge buildup. 
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In the contact mode, the AFM image was scanned using a v-shaped silicon nitride 

(Si3N4) cantilever with a spring constant of 0.032 N/m. On the end of the v-shaped 

cantilever is a silicon nitride tip that is pyramidal in shape. For the scans done for this 

study, the tip was 4 jim high and had a 4 jim base width, giving the tip a 1; 1 aspect 

ratio. The minimum tip radius at the end of the pyramidal tip was less than 500 A. 

While scanning in the contact mode, the AFM cantilever tip is rastered across a pre

programmed X- and y- defined region of the sample surface. During the scan, a laser 

beam is reflected off the end of the top of the cantilever (above the tip) onto a four 

quadrant sensor. The position of the reflected laser beam on the four quadrant sensor is 

determined by the deflection of the cantilever off the sample surface. Sensor response 

due to input from the reflected beam controls an electronic feedback loop to constantly 

monitor and control the force between the cantilever tip and the sample surface. This is 

accomplished by raising or lowering the piezoelectric sample stage in the z-direction. 

Thus, as the cantilever tip is rastered across the sample surface in the x- and y-

direction, a constant force is maintained between the tip and the sample surface by the 

feedback loop, and the z- axis deflection is measured. In this manner, the topography of 

the sample surface is mapped. 
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4.2.7. Other Methods 

4.2.7.1. X-Rav Photoelectron Spectroscopy 

In an effort to determine the nature of the oxide film formed on CVD tungsten when 

exposed to 0.1 M KNO3 solutions at acidic pH, X-ray Photoelectron Spectroscopy 

(XPS) studies were conducted. KOH pretreated CVD tungsten samples were exposed 

to solutions maintained at pH 2 or 4 for 48 hours, rinsed, and dried with blowing 

nitrogen. The samples were then analyzed by XPS using a Kratos XSAM800 surface 

analysis system (energy resolution of-1.25 eV) using A1 Ka radiation (1486.6 eV). 

4.2.7.2. Field Emission Scanning Electron Microscopy 

Field Emission Scanning Electron Microscopy (FESEM) analysis was used to 

characterize the surface morphology of CVD tungsten films in the as-received and 

etched condition. FESEM analysis was conducted using a Hitachi Model S4500 

FESEM. Secondary electrons from the surface were used to image the surface. 

Samples were not coated for the analysis. 

4.2.7.3. X-Ray DifTraction 

X-Ray Diffraction (XRD) analysis of W, WO2, WO3 powder samples and CVD W 

films conditioned in HNO3 was carried out using a Siemens D500 diffractometer with 

Cu Ka radiation. The 20 values obtained from the diffraction data were compared with 

standard 26 values from JCPDS powder diffraction file [4.9]. 
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4.2.7.4. Pourbaix Equilibrium Diagrams 

For the construaion of Potential (Eh) - pH equilibrium (Pourbaix) diagrams, a PC-

based computer program developed at the University of Arizona was used. This 

program, known as ROSOF, uses thermodynamic data (of aqueous species and solids) 

to calculate and map regions of stability using a linear optimization technique [4.10], 

4.2.7.5. PH. Redox Potential 

An Orion Model 701A pH/potential meter was used to measure the solution pH and 

redox potential of polishing slurries. The pH meter was calibrated using standard 

buffers at pH 4, 7, and 10 purchased from Cole-Parmer. 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 ORP electrode was calibrated 

using two standard calibration solutions. Solution A containing 0.1 M potassium 

ferrocyanide and 0.05 M potassium ferricyanide, and having a redox potential of +234 

mV vs. the Ag/AgCl reference. Solution B containing 0.01 M potassium ferrocyanide, 

0.05 M potassium ferricyanide, and 0.36 M potassium fluoride, having a redox potential 

of +300 mV vs. the Ag/AgCl reference. 
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Chapter 5 

RESULTS 

5.1. ELECTROCHEMICAL ASPECTS OF TUNGSTEN CMP 

5.L1. Analysis of Tungsten Films 

Figure 5.1 shows the FESEM micrographs of the surface and cross section of a 

CVD tungsten thin film taken at 25,000 times magnification. It may be seen from this 

figure that the tungsten surface has a high degree of surface roughness due to the 

irregular nature of the grains. Individual tungsten grains are 0.5 |im or greater in width. 

CVD tungsten films used for this study were initially characterized by X-Ray 

Diffraction (XRD). The standard powder diffraction data file number and the 

corresponding phase are tabulated in Table 5.1 [5.1], It may be seen from the tabulated 

data that the W and WO3 powder samples were found to be pure single phases. The 

WO2 powder sample was a mixture of W and W18O49 phases. Using a Siemann-Bohlin 

thin film diffraction attachment, the x-ray diffraction pattern of CVD tungsten was 

found to be nearly identical to that of a pure tungsten powder sample. No oxide layer 

was detected in these films. Of particular interest is the result for HNO3 treated CVD W 

film. After pre-conditioning the film in nitric acid, an oxide is present on the tungsten 

surface containing two phases, WO3 and WO2. This provides evidence for the 

formation of a duplex oxide on tungsten when exposed to aqueous solutions at acidic 

pH, consistent with what is predicted by thermodynamic calculations. 
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a. Cross-section of CVD W 

Figure 5.1 

b. Top view of CVD W 

FESEM micrographs of a) the cross-section and b) top surface of a C\T) 
tungsten film taken at 25000x magnification. 



87 

Table 5.1. Standard powder diffraction file data and data from XRD analysis of 
CVD tungsten, tungsten powder, and oxide powders of tungsten [5.1]. 

Sample Matching Data File# Detected Phase 

W powder 04-0806 W 

WO2 powder 04-0806 W 
05-0392 W18O49 

WO3 powder 20-1324 WO3 
CVDW 04-0806 w 

treated in 05-0431 W02 
HNO3 20-1324 W03 

5.1.2. Open Circuit Potential Behavior 

The first set of electrochemical experimems consisted of measuring the OCP of as-

received tungsten films in solutions of different pH. Figure 5.2 indicates that the OCP 

of tungsten becomes more noble as pH decreases, and there is a sharp drop in OCP 

values at highly alkaline pH values. Tungsten films are prone to oxidation after 

deposition and exposure to air [5.2]. Since it is likely that the as-received samples used 

for this study may have a surface oxide that is not detectable by XRD, OCP 

measurements were repeated on samples which were precleaned in KOH solution to 

remove the surface oxide. These results are also plotted in Figure 5.2. Pretreatment to 

remove the surface oxide resuhed in a decrease in the OCP values in the pH range fi-om 

2 to 6. This is understandable as the native oxide would typically provide a more 

passivated surface. 
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Figure 5.2. Open circuit potential vs. pH for CVD tungsten films immersed in 0.1 M 
KNO3 solution (10 minute conditioning time). 
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The open circuit potential vs. pH data reported by Heumann and Stolica [5.3] for 

solid tungsten in buffered solutions is also plotted in Figure 5.2 for comparison. The 

data for solid tungsten and CVD tungsten show similar behavior except at pH 9. In the 

pH range of 2 to 6, the open-circuit potential of CVD tungsten drops approximately 40 

mV per pH unit, consistent with a 50 mV/pH dependence reported by Vas'ko [5.4], 

5.1.3. Anodic Polarization Behavior 

Figure 5.3 presents the DC anodic polarization curves for tungsten films as a 

function of pH. The polarization curves at all pH values indicate the formation of a 

protective layer that inhibits dissolution to varying degrees. The magnitude of the 

constant current density at pH 2 was smaller than at the other pH values indicating that 

the surface layer formed at pH 2 has slightly better passivation characteristics. The 

anodic behavior at pH 4 to 9 may be explained as due to the presence of a thin, 

metastable film of WO3 on WO2, and tungsten dissolution may be controlled by 

transport through this oxide. The dioxide of tungsten, WO2, is known to have metallic 

behavior [5.5]. It is possible that the ionic conductor WO3 is continually etched and 

regrown on the metallic WO2 surface during passivation. 

The anodic polarization behavior of tungsten in the presence of 0.1 to 5% by volume 

H2O2 in 0.1 M KNO3 solution was investigated at a pH of 4 using a scan rate of 0.5 

mV/sec. The hydrogen peroxide level in solution was adjusted by dilution of 30% by 

volume H2O2 with deionized water. The results of these tests are shown in Figure 5.4. 
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Figure 5.3. DC anodic polarization behavior as a function of pH for CVD tungsten 
films in 0.1 M KNO3 solution (10 minute conditioning time. Samples 
precleaned in KOH solution). 
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Figure 5.4. DC anodic polarization behavior of CVD tungsten films at different 
concentrations of H2O2 in 0.1 M KNO3 solution at pH 4 (Samples 
precleaned in KOH solution). 
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The addition of hydrogen peroxide to the test solution increased the open circuit 

potential of tungsten by about 0.2 V with respect to the Standard Hydrogen 

Electrode (SHE). The active as well as constant limiting current densities observed at 

anodic overvoltages were increased significantly with H2O2 addition. For example, the 

addition of 1% H2O2 increased the constant limiting current density value by two orders 

of magnitude. At peroxide levels of 4 to 5% by volume, complete dissolution of the 

film was seen after 10 minutes. Figure 5.5 shows FESEM micrographs of tungsten 

films held in solution of pH 4 at open circuit potential in the absence or presence of 5% 

H2O2 (1 hour exposure). The micrographs clearly show that addition of H2O2 results in 

significant etching of the tungsten surface. 

5.1.4. Linear Polarization and Tafel Behavior 

The corrosion behavior of tungsten films was characterized using DC linear 

polarization and Tafel polarization techniques. Figure 5.6 shows the polarization 

resistance (Rp) of the films at different pH values as measured by DC linear polarization 

in 0.1 M KNO3 solution in the absence of H2O2. The standard deviations were 

calculated from three independent measurements made at the specified pH, and should 

be considered reasonable approximations and not true variance (90% confidence) as this 

would require considerably more data. In the absence of hydrogen peroxide, the 

polarization resistance is highest in acidic conditions (pH 2 to 4), and it begins to drop 

at neutral and alkaline conditions. For example, at a pH of 2, the Rp value is 



a. 0%H202. pH4 

b. 5%H202, pH4 

Figure 5.5. FESEM micrographs of CVD tungsten surfaces held at open circuit 
potential at pH 4 in a) the absence and b) presence of 5% HzO^. 
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approximately 43 kH whereas at pH 11, the Rp value drops to 6 kQ. Addition of 5% 

H2O2 to the solution in the pH range 2 to 4 dramatically decreased the Rp values to 

approximately 300 to 400 At pH 6 in the presence of 5% hydrogen peroxide, the Rp 

value drops to about 200 Q. As the solution pH becomes more alkaline (pH > 8), the 

5% hydrogen peroxide solution becomes increasingly unstable, and accurate 

measurement of the Rp value is difficult. In the presence of 5% hydrogen peroxide at 

pH > 8, the dissolution of tungsten becomes extremely rapid, with Rp values below 

100 n. This further proves that H2O2 is a good lixiviant for tungsten, even at a pH of 4. 

In the presence of H2O2, it is highly unlikely that the mechanism of CMP of tungsten is 

one of passivation and abrasive removal as suggested by Kaufinan et al. [5.6] for the 

ferricyanide system. 

Figure 5.7 shows the Tafel plots for tungsten films in the absence or presence of 5% 

H2O2 in 0.1 M KNO3 solutions held in the pH range 2 to 4. Figure 5.7 clearly shows 

that the addition of 5% H2O2 raises the open circuit potential, and dramatically increases 

the corrosion rate of unpolished CVD tungsten. Tables 5.2 and 5.3 list the anodic and 

cathodic Tafel slopes (Ba and Be), polarization resistance values, corrosion current 

densities calculated by Tafel extrapolation, and corrosion current densities calculated 

using the Stem-Geary equation [5.7]. Both the cathodic and anodic Tafel slopes are 

higher in the presence of H2O2 than in the absence of H2O2. This is intriguing 

considering the evidence from other tests (Rp, FESEM) which indicate that H2O2 

enhances dissolution. A high value of cathodic Tafel slope (Be) most likely indicates 
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Figure 5.7. Tafel curves for CVD tungsten films at pH 2 and 4 in the absence or 
presence of 5% H2O2 in 0.1 M KNO3 solution (Samples precleaned in 
KOH solution). 
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Table 5.2. Tafel and linear polarization data for unpolished CVD tungsten 
tested as a function of pH in 0.1 M KNO3 in the absence of H2O2 
(Samples precleaned in KOH). 

m Ba Be RofkH) icon- (uA/cm^) icorr fuA/cm^) 
Calc. from Stem- Calc. From 
Geary using Rp Tafel Plots 

2 0.16±0.01 0.16 ±0.02 42.4 ± 7.8 -0.82 0.54 ±0.2 

4 0.14 ±0.01 0.16 ±0.01 43.8 ±6.7 -0.74 0.87 ±0.3 

6 0.17 ±0.01 0.27 ±0.05 38.7 ±6.7 ~ 1.19 0.75 ±0.2 

9 0.17 ±0.01 0.25 ± 0.06 33.8 ± 1.2 ~ 1.29 0.98 ±0.3 

11 not measurable 6.0 ±0.1 - 5 - 1 0  

Table 5.3. Tafel and DC linear polarization data for unpolished CVD tungsten 
tested in 0.1 M KNO3 solutions in the presence of 5% H2O2 at pH 2 
and 4 (Samples precleaned in KOH). 

m Ba Be RpfQ^ icorr fuA/cm^) 
Calc. from 
Tafel Plots 

2 0.23 ± 0.04 0.3 I ± 0.04 300 ± 40 150 ±30 

4 0.23 ± 0.08 0.30 ±0.06 400 ± 40 105 ±60 

the presence of a surface oxide. The formation of oxygen bubbles on the anodic and 

cathodic sites of the tungsten surface due to H2O2 decomposition may also have 

contributed to higher Be and Ba values. In the absence of H2O2, there appears to be a 

decent agreement between corrosion current densities calculated from Rp values and 

from Tafel plots. In the absence of hydrogen peroxide, the anodic Tafel slopes are 

reasonably close to the value of 0.14 volts/decade reported by Kelsey [5.8]. The values 
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for the cathodic Tafel slopes are in less agreement, but the test conditions and materials 

for this study are also different from those of Keisey. Tafel data is not available in the 

open literature for tungsten metal in the presence of hydrogen peroxide. In the absence 

of H2O2, the values for corrosion current densities (icotr) in the pH range 2 to 9 are 

approximately 1 |iA/cm^. This corresponds to a dissolution rate of about 0.1 A/min for 

tungsten dissolving to the species. At pH 11, the corrosion current density 

increases approximately five to ten times (~ 10'^ A/cm^), nearly identical to current 

density values reported by Keisey. This is consistent with the proposed mechanism for 

tungsten dissolution in alkaline media, where attack and dissolution of the protective 

tungsten oxide film is enhanced due to increased OH" ion activity. 

Since the experimental evidence suggested that a surface oxide formed on tungsten 

may affect its dissolution, it was decided to study the corrosion characteristics of a WO3 

film grown by anodization of unpolished CVD tungsten. Figure 5.8 presents the results 

of Tafel experiments on anodic oxides at pH 4 and, for comparison purposes, the Tafel 

plots for CVD tungsten. It may be seen that the presence of anodic oxide reduces the 

corrosion current density of tungsten from approximately 1 to 0.1 |aA/cm^ in the 

absence of H2O2, and from 100 to 1 |aA/cm^ in the presence of 5% H2O2. Clearly, the 

presence of WO3 hinders the dissolution of tungsten. 
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Figure 5.8. Tafel curves for anodically grown WO3 and CVD tungsten films in the 
absence or presence of 5% H2O2 at pH 4. 
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5.1.5. Passive Oiide Formation on Tungsten 

X-ray diffraction results indicate that on CVD tungsten films exposed to HNO3 

(acidic conditions), WO2 and WO3 phases are present. To further characterize the 

nature of the passive oxide formed on tungsten at pH values relevant to tungsten CMP, 

X-ray Photoelectron Spectroscopy (XPS) analysis was carried out on KOH pretreated 

tungsten samples immersed in 0.1 M KNO3 solution maintained at pH 2 or 4 for 48 

hours. The results are presented in Figure 5.9 and Table 5.4. Table 5.4 (a) lists the 

selected 4f binding energies [5.9] for W, WO2, and WOb. Table 5.4 (b) presents the 

results of the peak area analysis conducted for the XPS spectra shown in Figure 5 .9. 

The XPS spectra shown in Figure 5.9 indicate overlapping 4f 7/2 and 4f 5/2 peaks 

for W, WO2, and WO3 in both samples. Using a curve fitting program (Kratos), the 

peaks were separated and the area under the peaks for each compound was calculated. 

From the peak areas, the relative amounts of WO2 and WO3 were calculated. Several 

distinct features may be noted fi-om these XPS spectra: I) The presence of the tungsten 

peaks indicate that the oxide layer is less than 50 A in thickness; 2) the oxide layer is a 

duplex oxide of WO2/WO3; and 3) the data in Table 5.4 show that the thickness of the 

duplex WO2/WO3 layer (on top of the tungsten layer) is less for the sample conditioned 

at pH 4 as compared to the sample conditioned at pH 2. 
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Table 5.4. Results of XPS analysis of CVD tungsten, 

(a) Selected binding energy values for 4f peaks in tungsten compounds: 

Species 4f5/2fe\0 4f 7/2 CeV^ 
W 33.2 31.0 

WO2 34.7 32.5 

WO3 37.7 35.5 

(b) Results of peak area analysis: 

W WO2AV WO3AV 
Sample Peak Area (%) Ratio Ratio 
pH 2 36.6 0.44 1.27 

p H 4  54.6 0.37 0.45 

The data in Table 5.4 raises an interesting question. Contrary to the equilibrium 

information presented in the Pourbaix diagram, the XPS data show that both WO2 and 

WO3 are present at pH 2 as well as pH 4. The Pourbaix diagram drawn for a dissolved 

tungsten concentration of lO"' M indicates that tungsten should dissolve to a polymeric 

tungstate species through an intermediate layer ofW02 at pH values of 2 to 4. At pH 4, 

WO2 perhaps goes through a metastable (porous?) form of WO3 whose dissolution to 

the polymeric form is kinetically controlled. At pH 2, the anodic WO3 film formed on 

WO2 is perhaps less porous, and provides better passivation. This is supported by the 

anodic polarization curves in Figure 5.3 which show that the oxide film forming at pH 4 
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is able to sustain a much higher constant current density than the oxide film formed at 

pH 2. This is also consistent with the fact that WO2 is an electronic conductor, and 

WO3 is only an ionic conductor, and with the results of Heumann and Stolica [5.3], who 

reported that current/potential curves for W and WO2 had the same characteristics. As 

such, the passivation behavior of tungsten must be related to the formation of WO3 

rather than WO2. 

5.2. ELECTROCHEMICAL BEHAVIOR OF TUNGSTEN DURING CMP 

In order to characterize the electrochemical behavior of tungsten during polishing, a 

simultaneous electrochemical tester and polishing tool was constructed as shown in 

Figure 4.1. The electrochemical behavior of tungsten in the absence or presence of 

abrasion was evaluated using different oxidizers of interest to tungsten CMP. 

The different types of oxidants used in this study along with their standard reduction 

potentials are listed in Table 5.5 [5.10]. The measured redox potentials for the 

experimental slurries are listed in Table 5.6. During tungsten polishing, some of the 

reactions listed in Table 5.5 were visibly evident. In the presence of 0.1 M KIO3, a 

brownish yellow color was observed in the polishing cell near the tungsten surface 

indicating reduction of IO3'. In the presence of 0.1 M KMn04, a thick, brown film 

formed over the exposed tungsten surface, indicating the formation of Mn02. In the 

presence of 0.1 M (NH4)6Mo7024, a soluble, blue surface layer was observed to form on 

tungsten, indicating the formation of molybdate blue. Increasing or decreasing the level 

of oxidant in slurries in the range of 0.01 M to 0.2 M concentration did not significantly 



104 

Table 5.5. Standard reduction potential of oxidants used in polishing slurries 
evaluated in this study [5.10]. 

OXTOANT REACTION ST. POTfV) 

0.1 M KNO3 NO3' + H2O + 2e' N02' + 2 OH" 0.01 

0.1 M KNO3 
+ 5% H2O2 

H2O2 + 2ir + 2e" ->2H20 1.763 

O.l MFe(N03)3 Fe'^ + e" Fe*^ 0.771 

0.1 MKIO3 IO3" + 3 H2O + 6e' -> r + 60H" 
2 IO3" + 12 H" + lOe" ^ l2(aq) + 6 H2O 

0.257 
1.195 

0.1 M KMn04 Mn04 + 4 H + 3e —> Mn02(s) + 2 H2O 1.70 

0.1 M (NH4)6M07024 2(Mo7024)'^+26H*+2e"->7Mo205(aq)+13 H2O 0* 

0.1 MK3Fe(CN)6 (Fe(CN)6)'' + e" ^ (Fe(CN)6)^ 0.358 

* No thermodynamic data available to calculate potential 

Table 5.6. Redox potentials of oxidants measured in solution 
(mV vs. SHE, T = 23 ± 2°C). 

OXTOANT pH 1.5 p H 4  
0.1 M KNO3 -750 -660 
0.1 MKN03 + 5% -750 -620 
H2O2 
0.1 M Fe(N03)3 -910 -

0.1 MKIO3 L -1060 -750 
0.1 MKMn04 -1380 -1100 
0.1 M(NH4)6M07024 -720 -570 
Commercial lodate - -670 
Slurry 

pH 6.6 
0.1 MK3Fe(CN)6 -630 
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impact the electrochemical response of tungsten films. For example, nearly identical 

electrochemical dissolution rates were observed for slurries containing 0.01 M, 0 1 M, 

or 0.2 M concentrations of Fe(N03)3 or KMn04 at pH 1.5. 

Table 5.7 lists the static etch rates measured for CVD W after 4 hours exposure time 

in experimental slurries as indicated. For all slurries evaluated, the static etch rate of 

CVD W was less than 20 A/min. It should be recognized that the static etch rates may 

not represent the true dissolution behavior of a CVD W which has been freshly abraded 

and subsequently repassivated. Product layer formation during static etching may 

suppress etch rates. In addition, as-received CVD W is fairly rough, the individual 

tungsten grains having a peak to valley surface height variation of 100 to 600 A as 

characterized by atomic force microscopy. As such, the static etch rates listed in Table 

5 .7 are approximate. 

Table 5.7. Static etch rates for unpolished CVD W exposed to experimental 
slurries at pH as indicated. T =23 ± 2°C (10% CERAC alumina 
content in slurries). 

Slurry Evaluated bE *Etch Rate 
(A/min) 

0.1 M KNO3 + 5% H2O2 1.5 ~ 19 
0.1 MFe(N03)3 1.5 ~5 
0.1 M KJO3 1.5 - 1 - 2  
0.1 MK3Fe(CN)6 6.6 ~ 14 
Comm. iodate slurry 4.4 ~ 11 
* 4 hour etch time 
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5.2.1. Open Circuit Potential During Abrasion 

Figure 5.10 shows the effect of polishing pad pressure on the open circuit potential 

of tungsten. Using the electrochemical polishing tool, CVD tungsten films were 

polished at 30 rpm in 10% by weight alumina slurries containing different oxidants at 

pH 1.5. It may be seen that for all slurries tested, most of the drop in OCP occurred at 

polishing pressures below 5 psi. This suggests that the protective layer formed in the 

presence of the different oxidants is being removed during abrasion, and the tungsten 

surface is becoming less noble. The effect of pressure was most noticeable for the 

slurry containing only 0.1 M KNO3. 

The results of DC open circuit potential vs. time measurements taken during 

polishing of anodicaJly grown WO3.X are shown in Figure 5.11. As mentioned earlier, 

polishing of WO3.X coated tungsten samples was carried out to check the response of the 

fabricated test device. The anodic WO3-X (on tungsten) samples were polished in 10% 

alumina slurries containing 0.1 M KNO3 in the absence or presence of H2O2. At a pH 

of 4.4, the OCP of WO3.X was measured to be about +250 mV (SHE) in the absence of 

H2O2, and +550 mV (SHE) in the presence of H2O2. The fact that the OCP of WO3-X is 

sensitive to the presence of H2O2 is an indication that the anodically grown oxide is 

non-stoichiometric, and tungsten may be present in the oxide at an oxidation state lower 

than +6. 
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Figure 5.10. Graph of open circuit potential vs. polishing pad pressure for CVD 
tungsten films abraded at 30 rpm in 10% alumina slurries containing 
different oxidants at pH 1.5. 
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As shown in Figure 5.11, twenty seconds after the OCP stabilized, pressure was 

applied and polishing of WO3-X was started. In the absence of H2O2, the OCP dropped 

steadily with time indicating removal of the oxide. At about 500 seconds, the WO3.X 

film was totally abraded away, exposing the tungsten surface. When polishing pressure 

was released, the OCP of the fi-eshly formed tungsten surface increased, though not to 

the original value, indicating repassivation. Pressure was then reapplied at times 

represented by point x, and the OCP dropped down again to that of a freshly exposed 

tungsten surface. From Figure 5.11, it may be seen that during repassivation in the 

absence of H2O2 at pH 1.5 or 4.4, the freshly exposed tungsten surface exhibited a large 

initial increase in OCP when polishing was stopped, which represents the formation of a 

thin W02\W03 duplex oxide. 

In the presence of H2O2 at pH 1.5 or 4.4, the open circuit potential dropped rapidly 

during WO3-.X abrasion to a value of about +300 mV (vs. SHE), indicating extremely 

rapid removal of the anodic oxide layer. At time t 300 seconds when the pressure was 

released, a small increase in OCP was observed at pH 1.5. This indicates that only a 

small degree of repassivation has occurred on the freshly exposed tungsten surface. At 

pH 4.4, almost no rise in the OCP was seen when the pressure was released. These 

results suggest that the repassivation of tungsten in the presence of H2O2 does not occur 

to any significant extent. 

It may be seen that in the absence of H2O2, the repassivation kinetics (i.e. OCP 

recovery to pre-abrasion values) was much slower, but the increase in OCP after 

cessation of abrasion was much larger. This suggests that the passive layer formed in 
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the absence of H2O2 is much more protective, and this passive layer may thicken with 

exposure time. In contrast, in the presence of H2O2, the OCP rise was rapid, but the 

small rise in OCP indicates that the passive layer formed, if any, provides little or no 

protection from chemical dissolution. 

Figure 5.12 shows the DC open circuit potential vs. time curves for tungsten films 

covered with WO3.X during polishing in different slurries at pH 1.5. The behavior for an 

iodate based commercial slurry is also shown at pH 4.4 for comparison. With the 

exception of 0.1 M Fe(N03)3 and 0.1 M KMn04, the OCP plots show an initial drop in 

OCP upon abrasion at t « 20 seconds, indicating that the oxide film is being removed, 

exposing a less noble bare tungsten surface. From Figure 5.12, it may be seen that for 

all slurries containing an oxidant (with the exception of the 0.1 M KNO3 slurry), the 

time for the OCP curve to flatten out during WO3.X polishing was rapid, and 

additionally, the times to flatten out were nearly equal. This indicates that the presence 

of an oxidant may enhance the abrasive removal of WO3-X in acidic conditions. The 

initial rise in the OCP observed for WO3-X in the presence of 0.1 M Fe(N03)3 or 0.1 M 

KMn04 at pH 1.5 may be due to fiirther oxidation of the WO3.X layer, whereby tungsten 

present in the oxide film at an oxidation state less than +6 is further oxidized. 

Upon examination of Figure 5.12, it may be seen that slurries containing 5% H2O2 or 

0.1 M Fe(N03)3 exhibit small but rapid increases in OCP upon release of pressure at 

t * 300 seconds. After the initial jump, the OCP levels off and remains fairly constant 

with time. The small increase in OCP is an indication that the passive film formed is 

not highly protective. In contrast, slurries containing 0.1 M KMn04 or 0.1 M KIO3 
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exhibited comparably rapid increases in OCP after polishing pressure was released, and 

the increase in OCP was several times larger. This may indicate the formation of a 

more protective passive film on tungsten. The slurry containing 0.1 M CNH4)6Mo7024 

exhibited a small initial increase in OCP when pressure was released, but the OCP 

continued to increase with time. This behavior may indicate a slight thickening of the 

passive film layer with time. 

5.2.2. Electrochemical Dissolution During Abrasion 

In order to further characterize the repassivation behavior of a freshly exposed CVD 

tungsten surface, DC Tafel curve measurements were conducted during tungsten 

abrasion under pressure, and after pressure release. Prior to conducting these 

measurements, the effect of scan rate on polarization behavior was evaluated. Figure 

5.13 shows the DC polarization curves measured for CVD tungsten in O.I M Fe(N03)3 

at pH 1.5 as function of scan rate with no abrasives present in solution, h may be seen 

from Figure 5.13 that the value of the limiting anodic current density varied from about 

50 laA/cm" at a scan rate of 0.1 mV/sec, to a plateau of about 250 iiA/cm^ at scan rates 

of 1 to 5 mV/sec. However, the cathodic portion of the curves was unaffected by scan 

rate. It is likely that at lower scan rates (and longer test exposure times), the tungsten 

surface has more time to passivate at smaller overvoltages near the rest potential when 

the Tafel measurement is conducted using a cathodic to anodic potential sweep. This 

effect was most evident for CVD W tested in the presence of 0.1 M Fe(N03)3. A scan 

rate of 1 mV/sec was selected for Tafel measurements conducted on tungsten during 

and after abrasion. 
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Figure 5.13. Tafel polarization curves for CVD tungsten tested in 0.1 M Fe(N03)3 at 
pH 1.5 as a function of scan rate (Each curve represents an independent 
sample No abrasive present). 
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Table 5.8 lists the corrosion current densities extrapolated from Tafel curves 

measured during CVD tungsten abrasion. Table 5.8 also lists the corrosion current 

densities measured following abrasion. In this case, the OCP of the freshly abraded 

tungsten surface was allowed to stabilize in the test slurry for several minutes prior to 

conducting the measurement. The current density during abrasion was calculated based 

on a 0.45 cm^ area, which was the contact area of the polishing cloth during abrasion. 

The current measured during the abrasion tests had two contributions; one due to the 

dissolution in the abraded region (45% of area), and the other due to dissolution in the 

unabraded region (55% of area). From a knowledge of the current in the absence of 

abrasion, and from the relative areas of abraded and unabraded regions, the current 

density during abrasion was calculated. Also shown in Table 5.8 are the calculated 

dissolution rates in A/min. 

Figure 5.14 shows the DC Tafel curves for unpolished CVD W tested in 0.1 M KNO3 

slurry in the absence or presence of H2O2 at pH 1.5. It may be seen from Figure 5.14 

and the data presented in Table 5.8 that in the absence of H2O2, there is a drop in the 

open circuit potential of over 200 mV during abrasion, and the corrosion current density 

increased dramatically from about 2.0 to 38 |j.A/cm^. This indicates the removal of a 

protective passive layer. In the presence of H2O2 at pH 1.5, there is only a very small 

drop in OCP during abrasion (~20 mV), and the current density increased slightly from 

about 90 to 100 |iA/cm^. This indicates removal of a passive layer that provides a small 

degree of protection from tungsten dissolution. 
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Table 5.8. Corrosion current densities of tungsten calculated from the Tafel 
plots measured in alumina based slurries containing different 
oxidants during and after abrasion (Numbers in parentheses 
indicate dissolution rate in A/min). 

DURING ABRASION 
(10 psi, 30 rpm) 

icoiT (|JA/cm ) 

NO ABRASION 
(0 psi, 0 rpm) 

'corr (MA/cm ) 

OXroANT: pH 1.5 pH 4.4 pH l.S pH 4.4 

0.1 MKNO3 38 ± 8 
(3.8) 

22 ± 4 
(2.2) 

2.0 ± 0.5 
(0.2) 

1.5 ± 0.5 
(0.15) 

0.1 MKN03 + 5%H202 100 ± 10 
(10) 

90 ± 30 
(9) 

90 ± 10 
(9) 

35 ± 10 
(3.5) 

0.1 MFe(N03)3 300 ± 30 
(30) 

- 180 ± 30 
(18) 

-

0.1 M KIOb 250 ± 20 
(25) 

37 ± 5 
(3.7) 

26 ± 4 
(2.6) 

5 ± 2 
(0.5) 

0.1 M (NH4)6M07024 120 ± 20 
(12) 

80 ± 10 
(8.0) 

4.5 ± 2 
(0.45) 

0.7 ± 0.3 
(0.07) 

0.1 M KMn04 270 ± 20 
(27) 

34 ± 10 
(3.4) 

25 ± 10 
(2.5) 

18 ± 10 
(1.8) 

lodate based commercial 
slurry 

- 150 ± 10 
(15) 

- 110 ± 10 
(11) 

Abrasion No Abrasion 
0.1 M K3Fe(CN)6 pH 6.6 300 ± 30 

(30) 
300 ± 40 
(30) 
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Figure 5.14. Tafel polarization curves for CXD tungsten during and after abrasion in 
0.1 M KNOj with or without 5% H2O2 at pH 1.5. 
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Interestingly, the data from Table 5.8 indicates that at pH 4.4 in the presence of 

H2O2, the corrosion current density decreased from 90 ± 30 to 35 ± 10 jxA/cm^ upon 

surface repassivation. This indicates that the passive oxide layer formed on tungsten at 

pH 4.4 in the presence of H2O2 provides a higher degree of protection from chemical 

dissolution as compared to pH 1.5. 

The Tafel data from Table 5.8 indicates that under test conditions of abrasion or 

short term surface repassivation, dissolution rates were higher at pH 1.5 as compared to 

pH 4.4 for every oxidant tested. This finding seems to contradict previous results from 

DC potentiodynamic polarization and tungsten thermodynamic Eh-pH calculations. 

However, based on the Tafel data in Table 5.8, it is likely that the passive layer formed 

on tungsten during instantaneous (abrasion) or short term surface repassivation is less 

porous at pH 4.4 as compared to pH 1.5, and this accounts for the observed difference 

in corrosion current densities. 

Figures 5.15 and 5.16 show the DC Tafel curves for tungsten tested in 0.1 M KIO3 

and 0.1 M KMn04 slurries at pH 1.5 and 4.4. From Figures 5.15, 5.16, and Table 5.8, 

it may be seen that both oxidants exhibit higher dissolution rates at pH 1.5 as compared 

to pH 4.4. At pH 1.5, both oxidants form a reasonably protective passive layer, and 

exhibit similar polarization behavior. This is indicated by an 80 to 120 mV drop in 

OCP, and around a tenfold increase in corrosion current density during abrasion. At pH 

4.4, the KIO3 slurry exhibited a small drop in OCP (-50 mV), and about a seven fold 

increase in corrosion current density during abrasion. Interestingly, at pH 4.4 during 

abrasion in 0.1 M KMn04, the OCP of tungsten rises almost +200 mV. This is 
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Figure 5.16. Tafel polarization curves for CVD tungsten during and after abrasion in 
0.1 M KMn04 at pH 1.5 and 4.4. 
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probably due to the exposure of the freshly abraded tungsten surface to permanganate at 

pH 4.4, which results in a more noble OCP as compared to exposure of the passive 

(Mn02) layer to permanganate solution at pH 4.4. The electrochemistry of tungsten in 

the presence of permanganate has not been reported in the open literature. 

Figure 5.17 shows the DC Tafel curves for tungsten in 0.1 M (NH4)6Mo7024 at pH 

1.5 and 4.4. During abrasion, the DC Tafel curves indicate a drop in OCP of 100 mV or 

more, and an increase in corrosion current density of about 25 times at pH 1.5, and 110 

times at pH 4.4. This is a clear indication of removal of a protective passive film layer. 

In comparison to the other oxidants tested under static conditions, the molybdate slurry 

passivated the tungsten surface most effectively at either pH 1.5 or 4.4, limiting 

tungsten dissolution to about 0.07 to 0.45 A/min. The molybdate slurry also exhibited 

substantial corrosion current densities during abrasion. The ability of the molybdate 

slurry to effectively passivate the tungsten surface, yet provide high dissolution currents 

during abrasion makes it a very favorable candidate for tungsten CMP. 

The dissolution behavior of CVD W was also investigated in an unbuffered slurry 

containing 0.1 M K3Fe(CN)6 at pH 6.6. Figure 5.18 shows the Tafel polarization curves 

measured during abrasion at 10 psi (30 rpm), and after repassivation. It may be seen 

from this figure that there is a small change in OCP upon abrasion, and the corrosion 

current densities during or after abrasion are nearly identical. In this slurry, tungsten 

exhibits no tendency to passivate. The corrosion current density during or after 

abrasion is about 300 nA/cm^, corresponding to a dissolution rate of 30 A/min. This 

evidence seems to contradict the mechanism proposed by Kaufman et al. [5.6] for 
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Figure 5.17. Tafel polarization curves for CVD tungsten during and after abrasion in 
0.1 M CNH4)6Mo7024 at pH 1.5 and 4.4. 
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Figure 5.18. Tafel polarization curves for CVD tungsten during and after abrasion in 
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tungsten removal in the ferricyanide system at pH -6. However, Kaufman used 

ethylene diamine as a complexing agent, and also buffering agents. 

It should be noted that of all the slurries tested, those containing Fe(N03)3 at pH 1.5 

or K3Fe(CN)6 at pH 6.6 had the highest corrosion current densities during abrasion at 10 

psi (30 rpm), or under static conditions. However, the maximum dissolution current 

density measured during abrasion was only about 300 i^A/cm^ under these conditions. 

This corresponds to a removal rate of approximately 30 A/min. For all the slurries 

evaluated at room temperature, the dissolution rate of CVD W during abrasion never 

exceeded 50 A/mia, even at polishing pressures of >30 psi, and rotation rates of 1000 

rpm in the electrochemical polishing tool. 

For comparison, tungsten metal foil samples were tested in 0.1 M Fe(N03)3 and 0.1 

M KJO3 slurries at pH 1.5. Table 5.9 lists the corrosion current densities measured as a 

function of pad pressure from 0 to 60 psi (30 rpm). Also shown in the table are data for 

CVD tungsten. Calculated dissolution rates are indicated in A/min. 

Table 5.9 indicates that in the presence of 0.1 M Fe(N03)3, the static dissolution rate 

of tungsten metal foil was about 35 A/min (350 ± 40 |j.A/cm^). Interestingly, this rate is 

of the same order of magnitude as found by Streinz et al. [5.11], who reported a static 

dissolution rate of about 100 A/min for bulk tungsten metal in a commercial slurry. 

However, the dissolution rates reported in Table 5.9 for tungsten metal during abrasion 

in the presence of 0.1 M Fe(N03)3 are significantly lower than the 2000 A/min rate 

reported by Streinz under conditions of abrasion. Even at polishing conditions of 30 psi 

and 200 rpm (Table 5.10), the dissolution rate of tungsten metal foil 
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Table 5.9. Eflect of changing polishing pressure on the corrosion current density 
of tungsten metal foil or CVD W (Fixed rotation rate: 30 rpm). 

OXIDANT: 0.1 M Fe(N03)3, pH 1.5 
PRESSURE W Metal CVD W 

PSI (uA/cm^) (A/mint TuA/cm^) *(A/min) 
0 350 ±40 35±4 180 ±30 18 ±3 
10 710 ±70 71 ±7 300 ±30 30 ± 3 
20 880 ± 90 88 ±9 
30 890 ± 90 89 ±9 
40 1000± 100 100 ± 10 
50 960± 100 96 ± 10 
60 1000 ± 180 100 ± 18 

OXIDANT: 0.1 M kio3, pH 1.5 
PRESSURE W Metal CVD W 

rpsn (uA/cm^) (A/min) fuA/cm^) "(A/min) 
0 50 ± 5 5 ±0.5 26 ± 4 2.6 ± 0.4 
10 590 ± 60 59 ±6 250 ±20 25 ± 2 
20 700 ± 70 70 ±7 
30 810±80 81 ±8 
40 920 ± 90 92 ±9 
50 950 ±100 95 ± 10 
60 940 ±100 94± 10 

*Never exceeded 50 A/min under any conditions 

Table 5.10. Effect of increasing rotation rate on the corrosion current density of 
tungsten metal foil (Fixed pressure: 30 psi). 

OXIDANTS (pH 1.5) 
0.1 M Fe(N03)3 0.1 M KIO3 

ROTATION RATE W Metal W Metal 
fRPM) (uA/cm^) (A/min) (uA/cm^) (A/min) 
30 890 ±90 89 ± 9 810 ±80 80 ±8 
60 1180 ±120 118 ±12 1030 ± 100 103 ±10 
100 1220 ± 120 122 ±12 1230 ± 120 123 ±12 
200 1300 ± 130 130 ±13 1190 ±120 119 ±12 
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in a slurry containing 0.1 M Fe(N03)3 at pH 1.5 was only about 130 A/min. For 

comparison, the long-napped rayon pad was replaced by a stacked IC 1000 polishing 

pad in the experimental set-up. Under the same polishing conditions, the 

electrochemical dissolution rates were not significantly different. Even at rotation rates 

of 1000 rpm, the dissolution rate of tungsten film or metal foil never exceeded 130 

A/min for any pad type tested at any applied load. The CVD tungsten dissolution data 

from this study is in excellent agreement with independent work by Stein et al. [5.12] 

conducted under nearly identical experimental conditions. It may be speculated that the 

much larger dissolution rate measured by Streinz et al. [5.11] during abrasion of 

tungsten is due to the use of a proprietary slurry chemistry which contains additives that 

significantly enhance tungsten dissolution during abrasion. 

The data from Table 5.9 indicates that the electrochemical dissolution rate for 

tungsten metal was approximately 90 to 140% higher than for CVD tungsten under 

identical test conditions. The level of purity of the tungsten metal foil may account for 

the higher dissolution rates as compared to CVD W. It may be seen from Table 5.9 that 

as the polishing pad pressure was increased from 10 to 60 psi, the corrosion current 

density increased about 40% in the case of Fe(N03)3, and about 60% in the case of 

KJO3. Under these conditions, the corrosion current density reached a maximum of 

about I mA/cm* in both cases. Table 5.10 shows the effect of increasing rotation rate 

on the electrochemical dissolution rate of tungsten metal (30 psi). It may be seen from 

Table 5.10 that as the rotation rate was increased from 30 rpm up to 200 rpm, the 

current density increased about 46% in the case of Fe(N03)3, and about 47% in the case 
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of KIOs. However, in both cases the current density reached a maximum of about 1.3 

mA/cm^. This corresponds to a dissolution rate of approximately 130 A/min for the 

bulk tungsten metal. 

The results presented in Tables 5.9 and 5.10 indicate that the electrochemical 

dissolution rate of tungsten is only moderately dependent on polishing pressure and 

rotation rate. Based on the available data, electrochemical dissolution rates for CVD 

tungsten or tungsten metal during abrasion would result in a maximum removal rate of 

only 30 to 130 A/min. This rate is very small when compared to the rates of 1000 to 

6000 A/min obtained under commercial CMP conditions. 

5.2.3. Polishing Rate vs. Electrochemical Dissolution Rate 

In an effort to compare polishing rates with electrochemical dissolution rates 

measured during abrasion, a small-scale polisher was used to polish CVD W films in 

the experimental slurries. Table 5.11 lists the polishing rates for tungsten films polished 

at 1, 2, and 5 psi (50 rpm) in test slurries as indicated (T = 23 ± 2°C). The relative 

velocity between the pad and wafer is -0.2 ft/sec at 50 rpm in the small-scale polisher. 

By comparison, a commercial CMP tool having a 16" diameter platen has a relative 

velocity between the wafer and pad of 1 to 3 ft/sec. A stacked IC 1000 polishing pad 

was used in the tungsten polishing rate experiments. The electrochemical dissolution 

rates of CVD W films measured in the electrochemical polishing tool during abrasion at 

10 psi (30 rpm) are also listed in A/min. 

The data in Table 5.11 clearly indicates that the polishing (removal) rates for CVD 
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W are substantially higher than the electrochemical dissolution rates measured during 

abrasion in the experimental slurries. For example, in 0.1 M Fe(N03)3 at pH 1.5, the 

removal rate of CVD W is 700 ± 100 A/min when polished in the small-scale polisher 

at 5 psi (50 rpm). In the same slurry, the electrochemical dissolution rate of CVD W is 

30 ± 3 A/min when abraded in the electrochemical polishing tool at 10 psi (30 rpm). It 

should be emphasized that the electrochemical dissolution rate of CVD W did not 

significantly change when the rotation rate (rpm) or pressure (psi) was increased in the 

electrochemical polishing tool, regardless of pad or abrasive type. The dissolution rate 

of CVD W never exceeded 50 A/min in any of the slurries tested at room temperature, 

even at polishing loads of >30 psi and 1000 rpm. This result is highly consistent with 

the results of Stein et al. [5.12], who also tested CVD W films during abrasion using a 

simultaneous polisher and electrochemical tester. Based on the available data, it 

appears that electrochemical dissolution, even under the most aggressive polishing 

conditions, can only account for a small fraction of tungsten removal during abrasion. 
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Table 5.11. Comparison of polishing rates for CVD tungsten using a small-scale 
polisher, and electrochemical dissolution rates measured during 
abrasion using electrochemical polishing tool. 

[10% CERAC AI2O3 in slurries, IC 1000 pad, 50 qjm]. 

POLISHING DISSOLUTION 
SLURRY PRESSlJREa»Sn RATE^A/MIN) RATEfA/MIN) 

0.1 MKNO3 1 130 ± 15 •(3.8 ±0.8) 
pH 1.5 3 140 ± 10 

5 160 ± 10 

0.1 MKNO3 1 150 ± 15 •(10 ± 1) 
5% H2O2 3 170 ± 15 
pH 1.5 5 180 ± 15 

0.1 MFe(N03)3 1 260 ± 15 •(30 ±3) 
pH 1.5 *> 630 ± 80 

5 700 ± 100 

0.1 MKIO3 1 110 ±30 •(25 ± 2) 
pH 1.5 J 230 ± 50 

5 290 ± 15 

lodate-based 1 270 ± 40 •(27 ±2) 
commercial slurry 'y J 450 ± 15 
pH -4.6 5 740 ± 20 

* Dissolution rate measured during abrasion at 10 psi (30 rpm). 
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5.2.4. Effect of Pad. Abrasive, and Temperature 

5.2.4.1. Effect of Pad Type on Dissolution 

As mentioned previously, a long napped, synthetic rayon polishing cloth (Buehler 

Microcloth) was used for abrading tungsten films during electrochemical dissolution 

measurements. For comparison, a Rodel stacked IC 1000 pad was also used to abrade 

tungsten during electrochemical dissolution tests. No statistical difference in data was 

observed using either of the pads under identical polishing conditions. This result is not 

surprising based on the OCP vs. pressure data presented in Figure 5.10 which indicate 

that very little pressure (< 2 psi) was required to remove the protective passive oxide 

layer and expose bare tungsten metal. 

5.2.4.2. Effect of Abrasive Type on Dissolution 

The effect of abrasive type on tungsten dissolution was investigated for 0.1 M 

KNO3, 0.1 M Fe(N03)3, and 0.1 M KJO3 slurries at pH 1.5 containing either 10% 

CERAC alumina, or 3% Degussa fumed alumina. During abrasion or after 

repassivation, it was found that there were minor differences in electrochemical 

behavior using either type of abrasive. The deviation in dissolution rate was generally 

about 20% between slurries containing either CERAC or Degussa alumina, with no 

trends evident. However, in the case of O.I M Fe(N03)3 at pH 1.5, use of Degussa 

filmed alumina resulted in a corrosion current density during repassivation of about 

90 ± 20 fiA/cm^, about 50% less than the 180 ±30 |jA/cm^ observed under the same 

conditions using CERAC alumina. During abrasion, there was little difference between 
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the dissolution rates for 0.1 M Fe(N03)3 slurries containing either abrasive. It appears 

that the use of Degussa flimed alumina may alloy the CVD W surface to passivate more 

effectively in the absence of abrasion, at least in the case of 0.1 M Fe(N03)3 at pH 1.5. 

This effect was not observed for the other slurries evaluated. 

5.2.4.3. Effect of Temperature on Dissolution 

In a typical commercial CMP process, the temperature of the wafer surface may rise 

from room temperature up to 40 to 45°C during polishing. Two effects can result from 

the increase in temperature. The first is a change in the pH of the slurry due to the 

temperature rise. The increase in temperature may also impact the chemical dissolution 

rate of the material being polished. For this study, the electrochemical dissolution of 

CVD W during and after abrasion at 10 psi (30 rpm) was measured in 10% CERAC 

alumina based slurries containing 0.1 M Fe(N03)3 or 0.1 M KIO3 at about 45°C. The 

initial pH of the test slurries was 1.5 at room temperature. The pH of the slurries had to 

be carefijlly re-adjusted to pH 1.5 after warming to the elevated temperature. It was not 

possible to adjust the pH of the 0.1 M Fe(N03)3 slurry without precipitating out large 

quantities of ferric hydroxide. As such, the slurry containing 0.1 M Fe(N03)3 was 

around pH 1 during the test at 45°C. 

The effect of increased temperature on CVD W dissolution in the two test slurries is 

indicated in Table 5.12. It may be seen from the table that for the slurry containing 

0.1 M KIO3 maintained at pH 1.5, the dissolution rate during abrasion is about 

22 A/min at 45°C and about 25 A/min at 23°C. Following repassivation, the dissolution 
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Table 5.12. Electrochemical dissolution rates measured during and after abrasion 
at 23°C and 45°C in 0.1 M kio3 or 0.1 M Fe(N03)3 slurries containing 
10% CERAC alumina. 

Slurry bH Temo r°0 
Dissolution Rate 

Abrasion (A/min) PassivationfA/min) 

0.1 M KIO3 1.5 
1.5 

23 ±2 
45 ±2 

25 ±2 
22 ±3 

2.6 ±0.4 
5.0 ±0.5 

0.1 M Fe(N03)3 1.5 
1.0 

23 ±2 
45 ±2 

30 ±3 
33 ±3 

18±3 
14±3 

rate is about 5 A/min at 45°C, and about 3 A/min at 23°C. The difference in dissolution 

rate with temperature is practically insignificant in this case. The same conclusion may 

be inferred from the 0.1 M FeCNOsh dissolution data. It appears that increasing the 

slurry temperature up to 45°C does not significantly impact the electrochemical 

dissolution rate of CVD W. 

5.2.5. AC Impedance Analysis of CVD Tungsten 

The AC impedance or Electrochemical Impedance Spectroscopy (EIS) technique 

was used to investigate the electrochemical behavior of CVD tungsten films during and 

after abrasion. The EIS measurements for CVD tungsten were carried out in the 

frequency range from 10"* to 10'^ Hz at a signal perturbation of 5 mV peak to peak. 

Figure 5.19 presents the Nyquist plot for CVD tungsten tested in 0.1 M KNO3 solution 

acidified with nitric acid to pH 1.5. The inset figure shows the Nyquist plot for CVD 
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the presence of 5% H2O2). Simple Randies circuit used as the best fit 
equivalent circuit model for the two plots. 
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tungsten tested in 0.1 M KNO3 at pH 1.5 in the presence of 5% H2O2. For CVD 

tungsten films exposed to 0.1 M KNO3 in the pH range of 1.5 to 11, the equivalent 

circuit model which best fit the EIS response is the Randies circuit. This circuit model, 

also shown in Figure 5.19, consists of a solution resistance, Rsou in series with a double 

layer capacitance, Cdi, and polarization resistance, Rp, in parallel. The polarization 

resistance Rp is also referred to as the charge transfer resistance, and represents the 

diameter of a semicircle fit of the Nyquist plot (shown in Figure 5 .19 inset). The value 

for Rp may be directly compared to the polarization resistance measured using DC 

linear polarization [5.13]. It should be noted that the Nyquist plots shown in Figure 

5.19 were fit approximately to a Randies circuit. This is because a true Randies circuit 

fit to a Nyquist plot is a half-circle which intercepts the x-axis at both ends. For CVD 

tungsten, even at the lowest practical test fi"equencies, the measured impedance data did 

not extend back down to the x-axis to complete a half circle. The Randies circuit was 

also the best fit to CVD tungsten impedance response in the presence of hydrogen 

peroxide or other oxidants at acidic pH. This finding is identical to the results reported 

by both Stein et al. [5.12] and Armstrong [5.14]. 

It may be seen fi-om Figure 5.19 that in the absence of H2O2, a best fit of the half-

circle extended to the x-axis would yield a diameter (polarization resistance) of about 

16 kHs. In the presence of 5% H2O2, the Rp measure is indicated in Figure 5.19 (inset), 

and is about 230 Qs. Table 5.13 presents polarization resistance values measured 

during and after abrasion for CVD tungsten films tested in experimental slurries using 

AC impedance or DC linear polarization methods. 
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Table 5.13. Polarization resistance (Rp) values measured during abrasion and 
following repassivation using DC linear polarization and AC 
impedance techniques. Measurements conducted on CVD W 
exposed to 10% (CERAC) alumina based slurries containing 
different oxidants at pH 1.5 as indicated. 

Repassivation During Abrasion 
Oxidant (dH 1.5) fO Dsi. 0 rom) f lO Dsi. 30 mm) 

0.1 MKNO3 AC: 17800 ±2400 1200 ± 150 
DC: 29600 ± 6300 1100 ± 200 

0.1 M KNO3 AC: 140 ±20 170 ±40 
(5% H2O2) DC: 220 ± 40 280 ± 30 

O.I MKIO3 AC: 1050±100 110 ±20 
DC: 1800 ±400 220 ± 30 

0.1 M KMn04 AC: 920 ± 100 90 ±30 
DC: 890 ±210 240 ± 60 

0.1 M Fe(N03)3 AC: 220 ± 30 < 100 
DC: 190 ±30 160 ±30 

0.1 M (NH4)6MO7024 AC; *nm 250 ± 50 
DC: 1890 ± 600 240 ± 30 

* not measurable 

The AC impedance values were measured by fitting the Nyquist plots to R(RC) 

equivalent circuits and measuring the diameter of the semicircle in the plotted fit of the 

data. Examination of the data in Table 5.13 indicates that in general, the polarization 

resistance values measured using AC or DC techniques for the different slurry 

chemistries are very similar. However, in some cases, the AC impedance Rp values are 

somewhat lower than Rp values measured by DC linear polarization. This may be due 

to the fact that the AC technique only perturbs the working electrode about 2.5 mV 
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from the rest potential during the measurement. DC linear polarization polarizes the 

working electrode plus and minus 20 mV from the rest potential. In some cases, the 

higher polarization overvoltage may polarize the working electrode sufficiently to form 

a surface product layer on the tungsten working electrode, thus resulting in higher 

polarization resistance values. It is important to recognize that regardless of the 

technique used for measuring polarization resistance, the order of magnitude of the 

corrosion current densities calculated using the Stem-Geary equation would not change 

significantly. 

5.2.6. Atomic Force Microscopy Analysis 

An AFM study was conducted to characterize the surface morphology of as-

deposited, unpolished CVD tungsten films of 0.9 |am thickness. Figure 5.20 shows the 

AFM scan and line analysis of the unpolished CVD tungsten surface. It may be seen 

from this figure that the unpolished CVD tungsten film consists of irregularly shaped 

grains of about 0.5 nm or less in width. The line analysis of the scan shown as Figure 

5.20 (b) indicates that the individual tungsten grains have rounded features. The 

separation of individual grains is clearly evident from the AFM scan. The line analysis 

shows one tungsten grain with a height of about 106 nm ([1060 A] height #1), and a 

width of about 298 nm ([2980 A] distance #2). 

Figure 5.21 presents the AFM scan and line analysis of a CVD tungsten film 

polished in a Buehler Minimet polisher for six minutes using a commercial 

iodate/alumina based slurry at pH 4.6. The final polished thickness of the tungsten film 
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was about 4800 A. From the APM scan, it may be seen that the polished tungsten 

surface has areas that appear relatively smooth and planarized. There are also areas on 

the surface that appear to be irregularly shaped depressions. From the line analysis 

shown as Figure 5.21 (b), it may be seen that the depression on the surface is abrupt and 

has a well-defined shape. For this particular line analysis, the depression has a width of 

about 400 nm ([4000 A] distance #1), and a depth of about 6.2 nm ([62 A] height #2). 

It should be noted that the irregular shape and width of the depression is remarkably 

similar to that of the unpolished CVD tungsten grains shown in Figure 5.20. 

The surface morphology of the polished CVD tungsten surface seems to indicate that 

individual tungsten grains or groups of grains have been planarized at their top surfaces 

(the planarized regions), while other grains were broken away from the surface, leaving 

the grain shaped depressions. Of particular interest is the depth and condition of the 

depressions. From the line analysis in Figure 5.21, the depth of the depression is only 

about 6.2 nm ([62 A] height #2). The side walls of the depression are smooth, while the 

base of the depression has a jagged, fractured appearance. Even though the depression 

has the same shape and size as a tungsten grain, the shallow, rough base of the 

depression seems to indicate that a tungsten grain was fractured transgranularly at the 

base of the depression. Interestingly, the smooth sides of the depression suggest that 

intergranular attack and fracturing may have occurred to a depth of about 60 A. Lateral 

forces due to pad/slurry/wafer interactions acting on the side of the tungsten grain may 

then have caused the grain to break away by transgranular fracture. 
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Figure 5.20. a) AFM surface scan and b) line analysis of as-deposited, unpolished 
CVD tungsten film (0.9 thickness). 
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# Distance Heiaht 
1 399.70 nm 0.30 nm 
2 317.41 nm 6.24 nm 

Dtstance (nm) 

Figure 5.21. a) .APM surface scan and b) line analysis of CVD tungsten film polished in 
a Buehler Minimet 1000 polishing tool at 5 psi (50 rpm) using an 
iodate/alumina based commercial slurry at pH 4.6 (Removal rate. -700 
.Vmin). 
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A second AFM study was conducted to verify if intergranular attack and 

transgranular fracture were occurring during CVD tungsten polishing under commercial 

CMP conditions. Figure 5.22 shows the AFM scan and line analysis of a CVD tungsten 

film polished in a commercial CMP tool using a hydrogen peroxide/alumina based 

slurry at pH 4. The final polished thickness of the CVD tungsten film was 

approximately 1500 A. It may be seen fi^om this figure that the polished CVD tungsten 

surface has individual tungsten grains that stand out on the surface, and these grains are 

not planarized on the tops. Upon examination of the line analysis shown as Figure 5.22 

(b), it may be seen that the height of the large grain is about 58 nm ([580 A] height #1), 

and the width of the grain is about 262 nm ([2620 A] distance #2). To the right of the 

grain is a region that has a width of about 255 nm ([2550 A] distance #3). This region 

is flattened, but appears jagged and fractured. The width of this region is similar to that 

of an individual tungsten grain. It is probable that an individual tungsten grain was 

fractured trangranularly from this region, leaving the roughened, flat areas observed in 

the AFM scan. Under these polishing conditions, there does not appear to be any 

evidence of intergranular fracture. The height of tungsten grains on the polished 

tungsten surface (Figure 5.22) was between 100 to 600 A. This finding is consistent 

with the results of a recent study by Kim et al. [5.15] which showed -220 A protrusions 

on polished tungsten plugs. The nature of the plug protrusion appeared to be that of 

individual tungsten grains which were not planarized at the tops. 
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Figure 5 22. a) APM surface scan and b) line analysis of CVT) tungsten film polished 
in a commercial CMP tool at 7 psi (32 rpm) using a hydrogen 
peroxide/alumina based commercial slurry at pH 4 (Removal rate: -1500 
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The AFM results presented for the polished CVD tungsten films are a strong 

indication that metal removal is occurring during CMP due to transgranular fi-acture. 

This removal process may be assisted by weakening caused by intergranular attack 

along the exposed tungsten grain boundaries. The extent that intergranular attack 

assists transgranular fracture and removal of partial tungsten grains may be dependent 

on the slurry polishing chemistry, and other factors such as the relative velocity of the 

wafer and pad during polishing. 
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5.3. ELECTROCHEMICAL ASPECTS OF ALUMCVUM CMP 

Aside from Eh-pH (Pourbaix) equilibrium diagrams constructed for aluminum, early 

work by Chatalov, and more recent studies [5.16 - 5.22], the available fundamental 

electrochemical data on high purity aluminum as a function of pH is surprisingly sparse. 

As such, a series of electrochemical tests were conducted to establish the 

electrochemical behavior of Al-I%Si-0.5%Cu films as a function of pH in 0.1 M KNO3 

solution. 

5.3.1. Open Circuit Potential Behavior 

The open circuit potential of Al-l%Si-0.5%Cu films was measured as a function of 

pH in 0.1 M KNO3 solution in the absence or presence of 3% fumed alumina. The data 

has been plotted in Figure 5.23. Also plotted is one data point from Singh et al. [5.22] 

which was measured for 1060 aluminum alloy in 1% nitric acid at pH ~0.8. 

The Eh-pH equilibrium diagram for aluminum at a dissolved species concentration 

of 10"* (Figure 3 .4) predicts that aluminum has a thermodynamic tendency to corrode in 

aqueous media at pH values below 4 and above 11. A passive oxide layer is 

thermodynamically favorable in the pH range of 4 to 11. From Figure 5.23, at pH 1.5 

the OCP of the aluminum film is about -450 mV with respect to SHE. Dissolution of 

aluminum to the Al^' species is thermodynamically favorable at this pH value. In the 

pH range of 4 to 9, the OCP becomes more noble by about +200 mV. This suggests 

that a proteaive passive layer (AJ2O3 * 3H2O) is present on aluminum that causes the 
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Figure 5.23 Open circuit potential vs. pH for Ai-l%Si-0.5%Cu films exposed to 0.1 
M KNO3 solution in the absence or presence of 3% fumed alumina (10 
minute conditioning time). 
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surface potential of aluminum to be more noble. At pH 11, the OCP drops down to 

about -800 mV with respect to SHE, indicating a much less noble surface. Dissolution 

of aluminum to AIO2" is favorable at alkaline pH. 

In the presence of 3% fumed alumina, the OCP response of the aluminum film in the 

pH range of 1.5 to 11 has approximate linear behavior, decreasing by about -60 mV/pH 

unit increase. It is interesting to note that the OCP becomes linearly dependent on pH 

in the presence of abrasive. In the presence of abrasive, the thermodynamic predictions 

of the Eh-pH equilibrium diagram are likely to be altered. At pH 1.5, the OCP of 

aluminum is about -450 mV with respect to SHE in the absence or presence of abrasive. 

This is in good agreement with the data from Singh et al. [5.22], who reported an OCP 

of -502 mV with respect to SHE at more acidic conditions. 

5.3.2. Anodic Polarization Behavior 

Figure 5.24 shows the DC anodic polarization curves for Al-l%Si-0.5%Cu films 

exposed to 0.1 M KNO3 solution in the pH range of 1.5 to 11 with no abrasive present 

in solution. It can be seen from this figure that in the pH range of 4 to 9, the anodic 

polarization behavior is nearly identical. At pH 4, 6, and 9, the equilibrium OCP values 

are about -220 mV with respect to SHE. The constant limiting current densities (where 

the polarization curves become vertical) at high anodic overvoltage are about 20 to 40 

jj,A/cm^, corresponding to a dissolution rate of 4 to 8 A/min. The similarity between the 

polarization curves indicates that the passive layer formed has the same character in the 

pH range of 4 to 9. 
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Figure 5.24. DC potentiodynamic polarization curves for AI-l%Si-0.5%Cu films 
exposed to 0.1 M KNO3 solution in the pH range of 1.5 to 11 (No 
abrasive present). 
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At pH 11, the equilibrium OCP value is about -800 mV with respect to SHE. The 

constant limiting current density is about 200 |iA/cm^, corresponding to a dissolution 

rate of -40 A/min. At pH 1.5, the equilibrium OCP value is around ^50 mV with 

respect to SHE. The constant limiting current density is about 400 to 500 |xA/cm^, 

corresponding to a dissolution rate of 80 to 100 A/min. It is evident from Figure 5.24 

that a constant limiting current density is reached in the entire pH range of 1.5 to 11 at 

high anodic overvoltage. This suggests that a protective passive layer forms on 

aluminum at pH 1.5 to 11 when aluminum is anodically polarized, and this passive layer 

limits anodic dissolution of the metal. 

The anodic polarization behavior of Al-l%Si-0.5%Cu films was also evaluated in 

slurry chemistries of interest to aluminum CMP. Figure 5.25 presents the DC anodic 

polarization curves for aluminum films exposed to nitric acid (nitrate) based slurries 

containing 10% hydrogen peroxide and/or 10% phosphoric acid (1.8 M P04^') at pH 

1.5. The slurries contained 3% flamed alumina abrasive. It is evident from the plotted 

data in Figure 5.25 that for each slurry tested, the polarization curves approach a 

constant limiting current density at anodic overvoltage. This again indicates the 

formation of a passive layer that controls and limits anodic dissolution. 

5.3.2.1. Addition of Hydrogen Peroxide 

The effect of addition of 10% H2O2 (vol.%) to the 0.1 M KNO3 slurry at pH 1.5 was 

investigated. It may be seen from Figure 5.25 that slurries containing 10% H2O2 exhibit 

equilibrium OCP values of about -100 mV with respect to SHE (curve #2 and #4). 
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Slurries that do not contain hydrogen peroxide have equilibrium OCP values of about 

-450 mV with respect to SHE (curve #1 and #3). Addition of hydrogen peroxide to the 

slurries has two obvious effects: 1) The OCP of aluminum becomes more noble by 

about +350 mV; and 2) the aluminum film is more effectively passivated. For example, 

a comparison of curve # 1 and #2 indicates that when hydrogen peroxide is added to the 

slurry containing 0.1 M BCNO3 (curve #1). the OCP rises from about -450 mV to -100 

mV with respect to SHE. The limiting anodic current density drops from about 10"^ 

A/cm^ (curve #1) to 10"' A/cm^ (curve #2), a full order of magnitude. The presence of 

hydrogen peroxide in the slurries acts to passivate the aluminum surface. Peroxide 

levels of 5 to 20% in slurries resulted in similar anodic polarization behavior. 

5.3.2.2. Addition of Phosphoric Acid 

From Figure 5 .25, if one compares the polarization behavior of curves #1 and #3, or 

curves U1 and #4, it is evident that addition of phosphoric acid (acid phosphate ion: 

H2PO4" or HP04'^) does not effect the OCP behavior, but does enhances the dissolution 

of aluminum. For example, when 10% H3PO4 is added to the slurry containing 0.1 M 

KNO3 and 10% H2O2 (curve #2), the OCP value does not significantly change, but the 

constant limiting current density increases from about 10"^ A/cm^ (curve #2) to 10"* 

A/cm' (curve #4). 



148 

LU 
X 
C/5 
c/) 
> 
> 
s 

"to 
c 

o 
a. 

1800 

1600 

1400 

1200 

1000 

800 

600 

400 

200 

0 

-200 

-400 

-600 

-800 

-1000 

SLURRY 

#1: 0.1 M KNO3 + 3% AI2O3 

-•#2 

#4 

( # 1 ) +  1 0 %  H 2 O 2  

(#1) + 10% H3PO4 

(#1) + 10% H3PO 

pH 1 .5  

1 mV/sec scan rate 
I I ' t I T I I I I I ! t I ' I I I  r I I I I , , I I  

10-8 10 1-7 10-« 10-5 10^ 10-3 

Current Density (A/cm ) 

Figure 5.25. DC anodic polarization curves for Al-l%Si-0.5%Cu films in 0.1 M 
KNO3 solution (3% alumina) at pH 1.5 containing 10% H2O2 and/or 
10%H3P04. 
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Figure 5.26 presents the static etch rate of A]-l%Si-0.5%Cu films exposed to O.I M 

KNO3 solution containing 10% H2O2 and 3% fumed alumina in the pH range of 1 to 3 

(T = 23 ± 2°C). Each data point in Figure 5.26 was measured by independently etched 

samples. The slurries were initially formulated by addition of 1%, 5%, and 10% 

phosphoric acid by volume. The desired slurry pH and correct final volume were 

reached with addition of solid KOH and deionized water. The data plotted in Figure 

5.26 indicates that at pH 3, the aluminum etch rate in slurries containing 1% to 10% 

H3PO4 was practically zero. As the pH was decreased, the aluminum etch rate in 

slurries containing 5% or 10% H3PO4 increased significantly, up to a maximum of 

about 80 A/min at pH 1. At a phosphoric acid concentration of 5%, the pH was around 

1.5 without adjustment. The static etch rate at this concentration is 50 ± 7 A/min. This 

value is nearly identical to the etch rate reported fi^om weight loss measurements of 

1100 A1 exposed to aqueous solutions containing 5% phosphoric acid of about 48 

A/min [5.23], Slurries containing only 1% H3PO4 did not etch aluminum appreciably in 

the pH range evaluated. 

For this investigation, a phosphoric acid concentration of 10% at pH 1.5 was selected 

for the nitrate - peroxide - phosphate slurry chemistry. The static etch rate under this 

condition is 66 ± 5 A/min. The concentration was chosen to maintain a high phosphate 

ion concentration in solution during polishing, and to have a reasonable rate of chemical 

etching of aluminum during abrasion. A pH of 1.5 was selected because CMP 

processes are typically conducted at pH values greater than I or less than 13 to avoid 

excessive corrosive attack on the CMP tool. 
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Figure 5.26. Graph of static etch rate vs. pH for slurries containing 0 1 M KNO3, 10% 
H2O2, 3% filmed alumina, and 1%, 5%, or 10% H3PO4. 
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5.3.3. Linear Polarization and Tafel Behavior 

DC linear polarization was used to measure the polarization resistance (Rp) of Al-

l%Si-0.5%Cu films exposed to 0.1 M KNO3 solution in the pH range of 1.5 to 11 with 

no abrasive present in solution. The Rp values are plotted vs. pH in Figure 5.27. The 

average polarization resistance values vs. pH are listed in Table 5.14. The averages and 

standard deviations of data indicated in Figure 5.27 and Table 5.14 were calculated 

from three independent measurements taken at the specified pH. Due to the large 

variance in the Rp data, the averages and standard deviations can only be considered 

rough approximations given the limited number of actual data points. Considerably 

more experimental points (> 10) would be needed per pH value to meet the criteria for 

true average and variance at a 90% confidence level. From Table 5.14, the Rp value of 

aluminum reaches a maximum average at pH 9 (109 kH), which seems to contradict 

earlier work by Chatalov [5.17], who found the lowest dissolution rates for high purity 

aluminum occurred at pH ~6. It may be that the true averages of the Rp data at pH 6 

and 9 are much closer than indicated in the figure, but the limited data set does not 

reveal this result. 

Table 5.14 lists the anodic and cathodic Tafel slopes measured for Al-l%Si-0.5%Cu 

films tested in 0.1 M KNO3 solution as a function of pH with no abrasive present in 

solution. Using the Stem-Geary equation [5.7], the corrosion current density (icon-) was 

calculated from the average Rp value, and the measured anodic and cathodic Tafel 

slopes. For comparison, the corrosion current densities were also extrapolated from the 

Tafel plots. 
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Figure 5.27. Polarization resistance (Rp) values vs. pH for Al-l%Si-0.5%Cu films 
exposed to 0.1 M KNO3 solution (No abrasive present). 
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Table 5.14. Tafel and linear polarization data for Al-l%Si-0.5%Cu films tested 
as a function of pH in 0.1 M kno3 solution. Scan rate: 1 mV/sec 
(No abrasive present). 

EH Ba Be RpfkH) * icorrfuA/cm^) *icorT {uA/cm^) 
Calc. From Stem- Calc. From 
Geary- using Rp Tafel Plots 

1 . 5  0 . 1 5  ± 0 . 0 1  0 . 1 4 ± 0 . 0 1  5 . 3  ±  1  - 5 . 9  4± 1 

4 0 . 1 5  ± 0 . 0 1  0 . 1 7 ± 0 . 0 1  44 ± 16 -0.8 0 . 9  ± 0 . 2  

6 0 . 1 5  ± 0 . 0 1  0 . 1 9 ± 0 . 0 1  6 4  ± 2 3  -0.6 0 . 7  ± 0 . 2  

9 0 . 1 7  ± 0 . 0 2  0 . 1 9  ± 0 . 0 2  109 ± 30 -0.4 0 . 1 6  ± 0 . 0 3  

1 1  ( - 0 . 5 ^ )  0 . 1 7 ± 0 . 0 1  2 . 5  ± 0 . 5  -22 1 8  ± 4  

* 5 |xA/cm^ « 1 A/min dissolution rate 

It may be seen from the data in Table 5.14 that there is good agreement between the 

values of icon- calculated from the Stem-Geary equation, and calculated directly from the 

Tafel curves. The calculated values for icon- indicate higher corrosion current densities 

at acidic (pH 1.5) or alkaline conditions (pH 11) where dissolution of aluminum is 

thermodynamically favorable, and lower corrosion current densities in the pH range 4 to 

9 where formation of a passive AI2O3 oxide layer is thermodynamically favorable. The 

value of icon- at pH 1.5 corresponds to a static dissolution rate of about 1 A/min. At pH 

4 to 9, the value of icotr corresponds to a static dissolution rate of about 0.2 to 0.01 

A/min. At pH 11, the value of icon- corresponds to a static dissolution rate of about 4 

A/min. These findings are highly consistent with previously published data [5.12, 5.18 

- 5.20]. For example, Chatalov [5.17] reported a dissolution rate of 0.16 A/min at pH 9 
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(25°C) for high purity aluminum. Tabrizi et al. [5.20] reported a dissolution rate of ~2 

A/min at pH 11 (30°C) for high purity aluminum. 

A direct comparison of the measured anodic and cathodic Tafel slopes with the 

literature is not possible due to the lack of available data for this solution chemistry*. 

However, the Tafel slope values do fall into the range of 0.1 to 0.2 V/decade, which is 

in good agreement with available Tafel data reported for other systems. 

5.3.4. Effect of Scan Rate on Tafel Behavior 

The effect of scan rate on Tafel polarization data measurements was investigated for 

aluminum films exposed to solutions containing 0.1 M KNO3 at pH 1.5, 6.0, and 11. 

Table 5.15 lists the anodic and cathodic Tafel slopes, and the corrosion current density, 

icorr, calculated from the Stem-Geary equation. It may be seen from Table 5.15 that the 

Tafel slopes and calculated corrosion current densities are nearly identical regardless of 

scan rate for aluminum in the nitrate based solution chemistry. 

The effect of scan rate on Tafel measurements was also investigated for aluminum 

films exposed to 0.1 M KNO3 solution at pH 1.5 containing 10% H2O2 and 10% H3PO4. 

Figure 5.28 shows the Tafel polarization curves for different aluminum samples tested 

in the nitrate - peroxide - phosphate solution at scan rates ranging from 1 to 200 

mV/sec. It may be seen from this figure that the Tafel polarization curves move to the 

right as the scan rate is increased. The extrapolated corrosion current densities, 

cathodic Tafel slopes, and dissolution rates have been tabulated vs. scan rate in Table 

5.16 from the Tafel curves plotted in Figure 5.28. 
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Table 5.15. Tafel polarization data measured in 0.1 M kno3 solution at pH 1.5, 
6, and 11 with no abrasive present. Scan rates of I or 100 mV/sec 
were used to measure Tafel polarization curves. 

Scan Rate DH Be fV/decade) BafV/decade) icorrfuA/cm^) 
1 mV/sec 1.5 0.15 ±0.01 0.14 ±0.01 -5.9 

6 0.15 ±0.01 0.19±0.01 -0.8 

11 (-0.5'') 0.17 ±0.01 -22 

100 m V/sec 1.5 0.15 ±0.01 0.14 ±0.01 -5.9 

6 0.17 ±0.02 0.20 ± 0.05 -0.2 

11 (- 0.5'^) 0.17 ±0.02 -22 

Table 5.16. Corrosion current density (icon-) values, dissolution rates, and 
cathodic Tafel slopes extrapolated from Tafel measurements 
conducted as a function of scan rate in nitrate - peroxide -
phosphate solution at pH 1.5. 

Scan Rate 
(mV/sec> 

Cath. Slope 
BcfV/A/cm^^ 

Current Density 
icorr (uA/cm^) 

Dissolution 
Rate rA/min) 

1 -0.108 170 34 
5 -0.114 190 38 
10 -0.126 230 46 
20 -0.131 250 50 
50 -0.136 280 56 
100 -0.147 310 62 
200 -0.147 310 62 

Error: (± 30 (lA/cm^) (± 6 Aymin) 

The data in Table 5.16 indicates that the extrapolated corrosion current density 

increases from 170 ± 30 |j.A/cm^ at a scan rate of I mV/sec up to about 310 ± 30 

|jA/cm^ at scan rates of 100 or 200 mV/sec. The corrosion current density plateaus out 

at scan rates of 100 mV/sec or higher. The corrosion current density reaches a 
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Figure 5.28. Tafel polarization curves for Al-l%Si-0.5%Cu films as a function of 
scan rate in nitrate - peroxide - phosphate solution at pH 1.5. Each curve 
represents an independent sample G^o abrasive present). 
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plateau at scan rates of 100 mV/sec or higher. The corrosion current density reaches a 

maximum value corresponding to a dissolution rate of 62 ± 6 A/min. This 

electrochemical dissolution rate is almost identical to the measured static etch rate of 66 

± 5 A/min. Based on this result, a scan rate of 100 mV/sec was used to scan aluminum 

films exposed to nitrate - peroxide - phosphate slurries at pH 1.5. The higher scan rates 

were necessary in order that Tafel dissolution measurements were consistent with static 

etch rates measured for aluminum. It is important to note that only the anodic portion 

of the Tafel curves was affected by scan rate during Tafel polarization measurements. 

It is likely that at lower scan rates and longer exposure times at anodic overvoltages 

close to the rest potential, the aluminum surface forms a thin protective layer that 

suppresses the anodic current densities that would normally be observed at higher scan 

rates. 

5.3.5. Effect of Pre-Etching on Electrochemical Behavior 

The Al-l%Si-0.5%Cu films used for electrochemical tests were initially etched from 

an as-received thickness of about 9600 A down to about 7500 A using a 0.1 M KNO3 

solution containing 10% phosphoric acid and 10% hydrogen peroxide at pH 1.5 (etch 

rate: 66 ± 6 A/min). The reason for pre-etching the samples was to stabilize the 

electrochemical response and attain repeatability in measurements. Figure 5.29 presents 

the Tafel polarization curves for an as-received aluminum sample, and aluminum 

samples of different pre-etched thickness. Table 5.17 lists the exposure time for each 

independent sample and the film thickness after pre-etching. Table 5.17 also lists the 
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OCP and corrosion current densities extrapolated from the Tafel plots shown in Figure 

5.29. 

Table 5.17. Corrosion current density (icon-) and OCP data measured for pre-
etched AI-l%Si-0.5%Cu films exposed to 0.1 M kno3 solution at 
pH 1.5 containing 10% H2O2 and 10% h3po4. 

Etch Time fmin) Film Thickness ( A )  
0 ~ 9,600 

icorrf uA/cm^) 
20 (4 A/min) 

OCP(mV vs. SHE) 
-580 

5 ~ 9,200 110 (22 A/min) -510 

40 - 7,500 300 (60 A/min) -100 

80 ~ 4,700 300 -100 

110 ~ 2,600 300 -100 

From Figure 5.29 and the data listed in Table 5.17, it is apparent that as-received 

aluminum films exhibit significantly different electrochemical behavior as compared to 

pre-etched films. It may be seen from Figure 5.29 that the sample tested with the top 

-400 A of the film etched away (5 minute etch) exhibits an increase in OCP of +70 mV, 

and an increase in corrosion current density of about ICQ |j.A/cm^ compared to the as-

received sample. The OCP and corrosion current density continue to increase with 

etching until the top 1500 to 2000 A of the aluminum film is removed. Figure 5.29 

indicates that samples which were etched down to a thickness of about 7500 A or less 
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exhibit practically identical electrochemical behavior. The as-received and etched films 

were also pre-treated by etching in a 1 HNO3 ; 1 H3PO4 : 1 H2O etchant to remove any 

residual product layer which may impact electrochemical response. However, chemical 

pre-treatment of the surface did not alter the electrochemical behavior of as-received or 

pre-etched films observed in Figure 5.29. 

It was speculated that differences in microstructure between as-received and pre-

etched aluminum films could explain the difference in observed electrochemical 

response. AFM and SEM analyses were conducted to characterize the microstructure of 

as-received and pre-etched aluminum films. 

5.3.5.1. Atomic Force Microscopv Analysis 

An AFM analysis was conducted to characterize the surface microstructure of as-

received and pre-etched aluminum films. Figure 5.30 shows a) the AFM surface scan 

and b) line analysis of an as-received Al-l%Si-0.5%Cu film. It may be seen fi-om this 

figure that the surface of the as-received aluminum film consists of large, relatively flat 

grains of 0.5 to 1 p.m in width. The surface roughness (Ra) of the as-received AI films 

is about 7 A. 

Figure 5.31 shows a) the AFM surface scan and b) line analysis of an aluminum 

sample pre-etched to a thickness of about 7500 A. The pre-etched sample has a surface 

roughness (Ra) of about 50 A. The AFM scan and line analysis of the pre-etched 

sample indicates small features of 0.1 to 0.2 |jjn in width that stand out on the surface. 
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Figure 5.30. a) AFM scan and b) line analysis of as-received Al-l%Si-0.5%Cu film. 
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Figure 5.31. a) AFM scan and b) line analysis of Al-l%Si-0.5%Cu film pre-etched to 
a thickness of-7500 A. 



163 

For example, the AFM line analysis indicates that the width of a characteristic feature is 

145 nm ([0.145 pun] distance #2). The features stand out on the surface with a height of 

10 to 30 nm ([100 to 300 A] height #1). The regions surrounding these features are 

etched away, indicating that selective etching has occurred. Figure 5.30 indicated that 

the unetched grain size was characterized by an approximate grain width of 0.5 to 1 pim. 

As such, the scale of the etched surface (0.7 x 0.7 ^lm) shown in Figure 5.31 indicates 

that regions within individual grains must be preferentially etched. This intergranular 

etching may be due to dislocation etching within individual grains. Segregation of 

copper within the grains could also influence the intergranular etching that is observed. 

Figure 5.32 shows a) the AFM scan and b) line analysis for an aluminum sample 

pre-etched to a thickness of about 2600 A. The surface roughness of the pre-etched 

sample is about 35 A. The features in this figure are comparable to the features seen in 

the scan of the -7500 A pre-etched film. Small features of 0.1 to 0.2 |j.m in width stand 

out on the surface with heights ranging from 100 to 300 A. Both the microstructure and 

the electrochemical behavior of the two pre-etched films are similar. It is probable that 

the as-deposited aluminum film, once "activated" during etching in solution, presents a 

more electrochemically active surface for oxidation and dissolution processes to occur 

compared to the as-received structure. 
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Figure 5.32. a) AFM scan and b) line analysis of Al-l%Si-0.5%Cu film pre-etched to 

a thickness of-2600 A. 
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5.3.5.2. FESEM Analysis of Aluminum Films 

Figure 5 .33 shows FESEM micrographs of a) the cross section and b) and the surface 

of an as-received Al-l%Si-0.5%Cu film. The surface image was taken at a 

magnification of 30000x. FESEM imaging of the aluminum grains indicated a very 

smooth surface. The individual grains at the aluminum surface are approximately 1 jam 

or less in width, and are generally four to six sided. The individual grains characterized 

by FESEM analysis are of the same width and shape as individual grains characterized 

by AFM analysis shown previously in Figure 5.30. 

The FESEM cross section of the as-received aluminum film taken at lOOOOx 

magnification is shown in Figure 5.33 (a). It is evident from the cross-section image 

that individual aluminum grains cannot be identified. The "dimpled" appearance of the 

cross section suggests that plastic deformation occurred during cleavage of the sample. 

It cannot be determined from the SEM micrographs if the aluminum grain size changes 

with the thickness of the sputtered aluminum film. 
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a. Cross-section of Al-1%Si-0.5%Cu film 
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b. Top view of Al-l%Si-0.5%Cu film 
Figure 5.33. FESEM micrographs of a) the cross-section and b) top surface of an AI-

l*''oSi-0.5%Cu film. 
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5.4. ELECTROCHEMICAL BEHAVIOR OF ALUMINUM DURING CMP 

5.4.1. Open Circuit Potential Behavior During Abrasion 

The ability of the electrochemical polishing tool to indicate removal of a protective 

oxide layer on tungsten was established in Chapter 5.2 by polishing anodically grown 

films of WO3-X on tungsten. The OCP vs. time curves clearly indicated the removal of 

an ~ 800 A thick WO3-X layer on tungsten, and the subsequent repassivation behavior of 

the freshly abraded tungsten surface. This technique was also used to establish the 

passivation characteristics for Al-l%Si-0.5%Cu films following abrasion. 

For this study, oxide films on aluminum were formed chemically by exposure to a 

15% H2SO4 solution at 45°C for 5 minutes followed by a DI rinse. Chemical oxides 

were formed on two types of aluminum samples: 1) pre-etched aluminum films of 

-7500 A thickness, and 2) as-received aluminum films of ~9600 A thickness. From the 

literature, the barrier layer under these conditions is reported to be 5 to 20 A in 

thickness. The porous oxide layer can range from 0.01 to 0.1 |im in thickness [5.24], 

depending on the exposure time. The chemical exposure time was selected at 5 minutes 

to minimize the amount of aluminum film consumed during chemical oxidation. The 

oxide films formed on aluminum for this study were not characterized prior to 

experimental testing. 

Figure 5.34 shows OCP vs. time curves during abrasion of a chemical oxide on 

aluminum in 0.1 M KNO3 solution (3% alumina) at pH 1.5 and 4. In this figure, the 

chemically oxidized aluminum surface was allowed to stabilize in solution for 100 
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seconds. Abrasion at 2 psi (30 rpm) was then initiated and performed for 400 seconds 

using a Buehler Microcloth in the electrochemical polishing tool. The pressure was 

then released and the freshly abraded aluminum surface allowed to repassivate. The 

polishing pressure was then reapplied at 800 seconds from the start of the experiment. 

From Figure 5.34, it may be seen that upon exposure of the chemically oxidized 

aluminum surface to solution, the open circuit potential is about -300 mV with respect 

to SHE. The OCP drifts somewhat during the initial 100 second conditioning time. 

Upon abrasion at t = 100 seconds, a drop in the OCP is observed for all the samples 

tested indicating removal of the thin chemical oxide layer. Upon abrasion, the pre-

etched samples exhibit a drop in the OCP of about 300 to 400 mV, while the as-

received samples exhibit a larger drop of about 600 to 700 mV. After the polishing 

pressure is released at t = 500 seconds, a sharp rise in the OCP is observed for each 

sample, indicating repassivation of the freshly abraded aluminum surface. 

It is evident from the data presented in Figure 5 .34 that after abrasive removal of the 

chemical oxide, as-received and pre-etched aluminum films have distinctly different 

OCP vs. time behavior under the experimental conditions. As discussed previously in 

Section 5.3.5, as-received Al-l%Si-0.5%Cu films exhibit significantly different 

electrochemical behavior as compared to pre-etched films. Since "pre-etched" 

elearochemical behavior represents the remaining majority of the aluminum film 

thickness being polished away during CMP, the electrochemical response of pre-etched 

films is of practical interest. 
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Following abrasive removal of the chemical oxide, the repassivation behavior of the 

pre-etched aluminum surface is observed between t = 500 to t = 800 seconds in Figure 

5.34. At pH 1.5, upon the release of polishing pressure at t = 500 seconds, the freshly 

abraded aluminum surface exhibits a sharp rise in the OCP of about +130 mV (from 

about -550 to -420 mV with respect to SHE). The sharp rise in OCP after pressure 

release indicates that passive film layer formation is rapid. The OCP stabilizes and 

flattens out at about -440 mV with respect to SHE, indicating the formation of a stable 

passive layer. Upon reapplication of pressure at t = 800 seconds, a sharp drop of -100 

mV in the OCP is observed at pH 1.5, clearly indicating the removal of a more noble 

protective passive layer, and exposure of freshly abraded aluminum surface. 

At pH 4. when polishing pressure is released at t = 500 seconds, the OCP of the (pre-

etched) aluminum surface exhibits a sharp rise in the OCP of about +80 mV (from 

about -600 to -520 mV with respect to SHE). During the repassivation period, the OCP 

drifts slowly from the peak of -520 mV down to about -600 mV with respect to SHE. 

When pressure is reapplied at t = 800 seconds, there is almost no change in the open 

circuit potential upon abrasion. Release of polishing pressure beyond 900 seconds 

resuhs in identical repassivation behavior seen at t = 500 seconds at pH 4. 

The repassivation behavior following abrasion of pre-etched aluminum films at pH 

1.5 and 4 appears to contradict what is predicted by Eh-pH thermodynamic calculations 

for aluminum. At pH 1.5, dissolution of aluminum to AI^* is thermodynamically 

favorable. Formation of an intermediate passive oxide phase prior to dissolution is not 

predicted from thermodynamic data. However, it is likely that the presence of nitrate 
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ion (NO3"), a mild oxidant, and dissolved oxygen in the slurry at pH 1.5 oxidizes the 

aluminum surface, resulting in formation of the protective oxide layer. The 

repassivation behavior observed following abrasion at pH 1.5 supports this conclusion. 

At pH 4, the repassivation behavior observed following abrasion is somewhat 

intriguing. Upon release of pressure, the OCP rises sharply indicating formation of a 

more noble passive layer. The sharp rise in OCP indicates the kinetics of passive layer 

formation are rapid. However, the OCP then falls steadily back down to the OCP value 

observed during abrasion. This behavior suggests that the protective properties of the 

pasjive oxide formed upon pressure release at pH 4 are altered during short term 

exposure to solution. It may be that the passive oxide layer formed at pH 4 becomes 

increasingly porous over time, and this accounts for the observed drop in OCP. The 

redox potential of 0.1 M KNO3 solution at pH 1.5 is about 750 mV with respect to SHE, 

and about 650 mV with respect to SHE at pH 4. The fact that the passive layer formed 

after repassivation at pH 1.5 is stable over time may be due to the enhanced oxidizing 

power of the solution at more acidic pH, which prevents the passive layer from 

becoming excessively porous. 

5.4.1.1. Addition of Hydrogen Peroxide 

Figure 5.35 shows the OCP vs. time curves during abrasion of a thin chemical oxide 

on pre-etched aluminum in 0.1 M KNO3 solution (3% alumina) at pH 1.5 in the absence 

or presence of 10% H2O2. It is intriguing to note that during initial exposure of the 
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chemically oxidized aluminum surface, addition of peroxide results in an increase in the 

OCP of about +350 mV with respect to SHE vs. the case with no peroxide present. This 

may indicate that the chemical oxide formed by exposure of aluminum to H2SO4 as 

described previously is only partially oxidized by the initial chemical oxidation 

treatment. Upon abrasion at t = 100 seconds, both samples exhibit an immediate drop 

in OCP of about 300 to 400 mV, clearly indicating instantaneous removal of the thin 

chemical oxide and exposure of the freshly abraded aluminum surface. When pressure 

is released at t = 500 seconds, both samples exhibit a sharp increase in OCP of about 

130 to 160 mV, consistent with the formation of a more noble passive layer. The 

repassivation behavior of the two samples is very similar. However, the sharp rise in 

OCP upon release of pressure is somewhat larger in the presence of hydrogen peroxide. 

This suggests that the passive layer formed in the presence of peroxide may provide 

slightly more protection. Intuitively, this is reasonable, as the presence of a powerful 

oxidant such as hydrogen peroxide would be expected to more readily oxidize the 

surface of aluminum. 

5.4.1.2. Addition of Phosphoric Acid 

Polishing chemistries based on hydrogen peroxide and phosphoric acid have been 

developed for aluminum CMP [5.25]. It is generally thought that in the presence of an 

oxidant such as NO3' and/or H2O2 in acidic media, aluminum is initially oxidized to 

AI2O3. Dissolution of the oxide to Al^' ion is then thermodynamically favorable in 

acidic solutions below pH ~3. In the presence of phosphoric acid, AI2O3 may dissolve 
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forming AIPO4 according to mechanisms proposed by Satee or Cohn [5.26, 5.27], 

Figure 5.36 shows Eh-pH diagrams constructed for the A1 - P04^' - H2O system for a 

phosphate concentration of 2 M (~ 10% H3PO4), and an Al^' species concentration of 

10"^ and 0.1 M. The Eh-pH diagrams shown in Figure 5.36 indicate that at acidic pH 

values, the formation of a sparingly soluble AIPO4 phase (Ksp » 9.84 x 10"^' [5.28]) is 

thennodynamically favorable. Figure 5.36 also indicates that at low concentrations of 

AJ^* (10"^ M), the formation of AI2O3 is not thennodynamically favorable at any pH. In 

the presence of a strong oxidant such as hydrogen peroxide, aluminum is likely to be 

initially oxidized to AI2O3. The oxide layer is then converted to a surface layer of 

AIPO4, forming a duplex layer of AI2O3 and AIPO4. The density of AIPO4 is 2.57 

g/cm^, while AI2O3 has a density of 3.9 g/cm^ [5.29]. In acidic slurries containing 

phosphoric acid, the AIPO4 layer formed on AI2O3 is likely to be porous and/or in 

tensile stress. 

Figure 5.37 shows the OCP vs. time curves during abrasion of a chemical oxide on 

pre-etched aluminum in 0.1 M KNO3 solution (3% alumina) at pH 1.5 with 10% H3PO4 

and 10% H2O2. At t = 0 to t = 100 seconds, the OCP initially rises +200 mV, then drops 

-200 mV during the conditioning period. This suggests that in the presence of 

phosphate (P04^'), the chemical oxide formed on aluminum undergoes chemical attack. 

When pressure is applied at t = 100 seconds, there is an initial spike in the OCP of about 

+ 150 mV. The characteristic drop in OCP indicating removal of the protective 

chemical oxide is not observed in the presence of phosphate. During abrasion, the OCP 
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appears to fluctuate around -100 mV with respect to SHE. When pressure is released at 

t = 500 seconds and the freshly abraded aluminum surface allowed to repassivate. no 

sharp rise in OCP is observed. This evidence suggests that a protective passive layer 

does not form on aluminum in the presence of phosphate ion at pH 1.5. Slurries 

containing phosphate actively corrode rather than passivate the aluminum surface. The 

AIPO4 layer formed on the intermediate AI2O3 layer may indeed be porous and allow 

rapid chemical dissolution of aluminum. 

5.4.2. Electrochemical Dissolution During Abrasion 

Using the electrochemical polishing tool, the electrochemical dissolution behavior of 

pre-etched AJ-l%Si-0.5%Cu films was evaluated during abrasion under pressure, and 

after cessation of abrasion without applied pressure. Aluminum films were evaluated in 

0.1 M KNO3 solution maintained at pH 1.5 and 4 (3% alumina). The effect of addition 

of 10% H2O2 and/or 10% H3PO4 to the slurry at pH 1.5 was investigated. The effect of 

using 0.1 M KJO3 as an oxidant in place of hydrogen peroxide was also evaluated. 

Table 5.18 lists the corrosion current densities extrapolated from Tafel curves 

measured for aluminum during abrasion. Table 5.18 also lists the corrosion current 

densities measured following abrasion. For this case, the OCP of the freshly abraded 

aluminum surface was allowed to stabilize in the test slurry prior to conducting the 

measurement. The current density during abrasion was calculated based on a 0.45 cm^ 

area; the contact area of the polishing cloth during abrasion. The current measured 

during the abrasion tests had two contributions; one due to the dissolution in the 



178 

abraded region (45% of area) and the other due to dissolution in the unabraded region 

(55% of area). The calculation method has been described previously for tungsten 

abrasion. A scan rate of 100 mV/sec was used for the Tafel polarization measurements 

for aluminum. 

Table 5.18. Corrosion current densities of AI-l%Si-0.5%Cu films calculated 
from the Tafel plots measured in experimental slurries during and 
after abrasion. Scan rate of 100 mV/sec (Numbers in parentheses 
indicate dissolution rate in A/min). 

# 
Slurry 

(Al static etch rate) pH 

TAFELE 
(*ABRAS10\) 
RATE [|iA/cm^l 

USSOLUTION 
(REPASSIVATION) 

RATE [^lA/cm^I 

1 0.1 KNO3, 3% AI2O3 
(~ 2 A/min) 

1.5 120 ±25 
(22 ± 5) 

20± 10 
(4 ±2) 

2 0.1 KNO3, 3% AI2O3 
(< 1 A/min) 

4.0 35 ±7 
(7± 1.4) 

20 ±5 
(4±1) 

3 #1 + 10% H2O2 
(< 1 A/min) 

1.5 75 ± 15 
(15±3) 

20 ± 10 
(4 ±2) 

4 #1 + 10% H3PO4 
(52 ± 4 A/min) 

1.5 250 ± 50 
(50 ± 10) 

250 ± 50 
(50 ± 10) 

5 #1 + 10% H3PO4 

+ 10%H202 
(66 ± 5 A/min) 

1.5 250 ± 50 
(50 ± 10) 

250 ± 50 
(50 ± 10) 

6 #1 + 10% H3PO4 

+ 0.1 MKIO3 
(88 ± 7 A/min) 

1.5 250 ± 50 
(50 ± 10) 

250 ± 50 
(50± 10) 

* Abrasion at 2 psi (30 rpm) in electrochemical polishing tool 
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Also shown in Table 5.18 are the static etch rates measured by stylus profilometry 

for Al-l%Si-0.5%Cu films exposed to the test slurries. Numbers in parentheses 

indicate dissolution rates in A/min. The measured redox potentials of the experimental 

slurries indicated in Table 5.18 at pH 1.5 were about 720 to 750 mV with respect to 

SHE at room temperature. 

Figure 5.38 presents the Tafel polarization curves measured during and after 

abrasion in 0.1 M KNO3 solution (3% alumina) at pH 1.5 in the absence or presence of 

10% H3PO4 and 10% H2O2. It may be seen from Figure 5.38 and Table 5.18 that in the 

absence of 10% H3PO4 and 10% H2O2, there is a drop in the open circuit potential of 50 

to 60 mV during abrasion, and the conrosion current density increases from about 20 to 

120 |xA/cm^. This indicates the removal of a protective passive layer. In the presence 

of phosphate and peroxide at pH 1.5, there is only a very small drop in OCP during 

abrasion (-10 mV), and the current density during or after abrasion is about 250 

|j,A/cm^. This indicates removal of a passive layer that provides almost no protection 

fi-om aluminum dissolution. The loss of passive protection is due to the addition of 

phosphoric acid to the slurry. The data in Table 5.18 and OCP vs. time data in Figure 

5.35 indicate that for slurries containing 0.1 M KNO3 and 10% H2O2 (no phosphate), 

there is a drop of about 100 mV in OCP upon abrasion, and the corrosion density 

increases ft"om about 20 to 75 ^A/cm^. This indicates the removal of a protective 

passive layer. 
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Figure 5.38. Tafel polarization curves for Al-l%Si-0.5%Cu films during and after 
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Figure 5.39 presents the Tafel polarization curves measured during and after 

abrasion in O.I M KNO3 solution at pH 1.5 (3% alumina) containing 10% H3PO4 with 

or without the addition of 10% H2O2 It is evident from Figure 5.39 that addition of 

10% peroxide to the slurry results in an increase in OCP of about +350 mV, consistent 

with previous findings. However, the Tafel dissolution behavior of aluminum films is 

not affected by the addition of peroxide. From Table 5.18, the corrosion current 

density during or after abrasion is about 250 |jA/cm^, regardless of whether peroxide is 

present or not. The addition of peroxide to the slurry does not significantly affect the 

electrochemical dissolution behavior of aluminum in the presence of phosphate. 

The effect of using an alternate oxidant in the nitrate - phosphate slurry system was 

investigated. Figure 5.40 presents the Tafel polarization curves measured during and 

after abrasion in nitrate - phosphate slurries at pH 1.5 containing either 10% H2O2 or 0.1 

M fCIOs. It may be inferred from Figure 5.40 that addition of the oxidant KIO3 to the 

slurry has essentially the same effect as hydrogen peroxide. Upon addition of either 

oxidant, the OCP of aluminum in the slurry increases by about +350 mV. Table 5.18 

indicates that the Tafel dissolution during or after abrasion is practically identical for 

slurries containing either oxidant (-250 |j.A/cm^). During abrasion in the slurry 

containing KIO3, a drop in OCP of about 80 mV is exhibited. However, no change in 

corrosion current density is observed. This indicates that the passive layer formed in 

the presence of iodate (IO3') does not provide protection from chemical dissolution. 
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Figure 5.39. Tafel polarization curves for Al-l%Si-0.5%Cu films during and after 
abrasion in 0.1 M KNO3 solution (3% alumina) at pH 1.5 containing 
10% H3PO4 with or without 10% H2O2. 
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The effect of increasing load and rotation rate on electrochemical dissolution was 

investigated for high purity aluminum foil (>99.999%) using the electrochemical 

polishing tool. Table 5.19 indicates the electrochemical dissolution rates for aluminum 

foil during abrasion at 30 rpm with loads of 0 to 60 psi applied. The data for Al-l%Si-

0.5%Cu films is also shown for comparison. Dissolution rates are represented in 

^A/cm* and A/min. 

Table 5.19. Effect of changing polishing pressure on the corrosion current 
density of high purity aluminum foil or AI-l%Si-0.5%Cu (Fixed 
rotation rate: 30 rpm, 100 mV/sec scan rate). 

Slurry A: 0.1 M lOVOs, 10% H2O2, 10% H3PO4 (3% alumina), pH 1.5 

PRESSURE Al Metal AH%Si-0.5%Cu 
(psn (uA/cm^) (A/min) (uA/cm^) *(A/min) 
0 130 ±30 26 ±6 250 ±50 50 ±10 
2 160 ±30 32 ±6 250 ±50 50 ±10 
10 190 ±40 38 ±8 250 ±50 50 ±10 
20 260 ± 40 52 ±8 *No higher than 75 A/ 
30 260 ± 50 52 ± 10 min under any condition 
40 260 ± 50 52 ± 10 
50 260 ± 50 52 ± 10 
60 260 ± 50 52 ± 10 

Slurry B: 0.1 M KNO3 (3% alumina), pH 1.5 

PRESSURE Al Metal AI-l%Si-0.5%Cu 
(PSI) fuA/cm^) (A/min) (uA/cm^) (A/min) 
0 4± 1 0.8 ±0.2 20 ±10 4±2 
2 30 ±6 6± 1.2 120 ±25 22 ±5 
10 100 ±20 20 ±4 180 ±40 36 ±8 
20 140 ±30 28 ±6 180 ±40 36 ±8 
30 140 ± 30 28 ±6 
40 140 ±30 28 ±6 
50 140 ±30 28 ±6 
60 140 ±30 28 ±6 
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The data in Table 5 .19 indicate that the dissolution rates of high purity aluminum foil 

increased from about 130 (jA/cm^ at 0 psi pressure (0 rpm), up to a maximum of about 

260 |iA/cm^ at 20 psi pressure (30 rpm) in the nitrate - peroxide - phosphate slurry. The 

electrochemical dissolution rate of the metal foil plateaus out at about 260 |iA/cm^ at 

pressures of 20 psi or greater (30 rpm). The maximum dissolution rate of the high 

purity aluminum foil, or the aluminum alloy film is about 250 |j,A/cm^ (50 A/min), 

independent of polishing conditions. Under extreme polishing loads of 60 psi and 1000 

rpm, the electrochemical dissolution rate of aluminum foil never exceeded 75 A/min 

when measured at a slurry temperature of 23 ± 2°C. 

Similar behavior is observed for aluminum foil abraded in O.l M KNO3 slurry at pH 

1.5. At 0 psi (0 rpm), the dissolution rate of the metal foil is about 4 nA/cm^. During 

abrasion, the dissolution rate increases to a plateau of about 140 |iA/cm^ at polishing 

pressures of 20 psi or greater (30 rpm). The maximum dissolution of high purity 

aluminum foil or aluminum alloy films was about 140 to 180 |xA/cm^ (30 to 40 A/min), 

independent of polishing conditions. Somewhat lower dissolution rates are observed for 

the high purity aluminum foil at lower applied pressures as compared to Al-l%Si-

0.5%Cu films. This is not surprising, as the high purity foil is not alloyed with silicon 

or copper, and therefore should be more resistant to corrosion. 

Table 5.20 shows the effect of increasing the rotation rate during abrasion of 

aluminum foil in the two test slurries using a fixed pressure of 30 psi. The data in Table 

5.20 indicates that the electrochemical dissolution rate of the metal foil reaches a 

plateau that becomes independent of rotational velocity. Based on the data presented in 
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Table 5.19, it is evident that the dissolution behavior of aluminum foil and aluminum 

thin film alloys is very similar under conditions of abrasion or repassivation. The same 

conclusion was reached for CVD tungsten films and high purity tungsten foil. 

Table 5.20. Effect of increasing rotation rate on the corrosion current density of 
aluminum metal foil (Fixed pressure: 30 psi). 

Slurry A Slurry B 
ROTATION RATE A1 Metal A1 Metal 

fRPM^ (uA/cm^) rA/min) (uA/cm^) (A/min) 
30 260 ± 50 52 ± 10 140 ± 30 28 ±6 
60 260 ± 50 52 ± 10 140 ±30 28 ±6 
100 260 ± 50 52 ± 10 140 ±30 28 ±6 
200 260 ± 50 52 ± 10 140 ± 30 28 ±6 

5.4.3. Polishing Rate vs. Electrochemical Dissolution Rate 

In order to compare the electrochemical dissolution rates measured during abrasion 

with actual polishing removal rates, a small-scale polisher was used to polish Al-l%Si-

0.5%Cu films. Table 5.21 lists the polishing (removal) rates measured for aluminum 

films polished at 2 psi (30 rpm) and 5 psi (50 rpm) in test slurries as indicated (T = 23 ± 

2°C). The relative velocity between the pad and sample is approximately 0.1 to 0.2 

ft/sec at 30 to 50 rpm in the polisher. A Buehler Microcloth was used as the polishing 

pad. Electrochemical dissolution rates of Al-l%Si-0.5%Cu films measured in the 

electrochemical polishing tool during abrasion at 2 psi (30 rpm) are listed. The 

dissolution rates during abrasion at high pressure and rotation rate (i.e. load >20 psi, 

rpm = 200 to 1000) are also indicated. 
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Table 5.21. Comparison of polishing rates of AI-l%Si-0.5%Cu films using a 
small-scale polisher, and electrochemical dissolution rates measured 
during abrasion using electrochemical polishing tool. 

[Polishing pad: Buehler Microcloth] 

# 
SLURRY 
(pH 1.5) 

POLISHING 
CONDITION 

POLISHING 
RATEfA/MIN) 

DISSOLUTION 
RATE^A/MIN) 

#1 0.1 M KNO3 
+ 3%Al203 

2 PSI, 30 RPM 
5 PSI, 50 RPM 

320 ± 20 
1000 ± 100 

•(22 ± 5) 
••(36 ± 8) 

#2 #1 + 10% H2O2 2 PSI, 30 RPM 
5 PSL 50 RPM 

300 ± 40 
280 ± 20 

•(15 ±5) 

#3 #1 + 10% H3PO4 2 PSI, 30 RPM 
5 PSI, 50 RPM 

460 ± 40 
1350+ 100 

•(50 ± 10) 

#4 #1 + 10% H3PO4 

+ 10% H2O2 
2 PSI, 30 RPM 
5 PSI, 30 RPM 

560 ±30 
1350±100 

•(50 ± 10) 
•• (<75) 

#5 #1 + 10% H3PO4 

+ 0.1 M KIO3 
2 PSI, 30 RPM 
5 PSI, 50 RPM 

580 ± 30 
1480 ± 120 

•(50 ± 10) 

•Dissolution rate measured during abrasion at 2 psi and 30 rpm. 
••Dissolution rate measured at high load and high pressure. 

The data in Table 5.21 clearly indicates that the polishing rates obtained in the 

different slurries are substantially higher than the electrochemical dissolution rates 

measured during abrasion. For example, the polishing rate of aluminum films polished 

in 0.1 M KNO3 solution (3% alumina) at pH 1.5 at 5 psi (50 rpm) is about 1000 A/min. 

The electrochemical dissolution rate measured in the electrochemical polishing tool 

plateaued at about 40 A/min independent of load, rotation rate, pad, or abrasive type. 

The dissolution rate of aluminum thin films or high purity foil never exceeded 75 A/min 

in any of the slurries tested at room temperature under any loading conditions. The 
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results clearly indicate that electrochemical dissolution, even under the most aggressive 

polishing conditions, can only account for a small fraction of aluminum removal during 

abrasion. 

The polishing rate data in Table 5.21 also indicates that slurries containing 10% 

H3PO4 (slurry #3), or both 10% H3PO4 and 10% H2O2 (slurry #4) exhibit practically 

identical polishing rates and electrochemical dissolution rates under the same 

experimental conditions. This evidence further suggests that the addition of hydrogen 

peroxide to the nitrate - phosphate slurry provides no advantage for CMP of aluminum. 

Another significant finding from the data in Table 5.21 is that aluminum films polished 

in the slurry containing 0.1 M KNO3 at pH 1.5 (slurry #1, pH adjusted with HNO3) had 

a removal rate of about 1000 A/min. This rate is comparable to the removal rate for 

aluminum films polished in slurries containing 10% H3PO4 (-1350 A/min) under the 

same polishing conditions. The slurry containing only 0.1 M KNO3 at pH 1.5 indicates 

a tendency to form a protective passive layer upon repassivation. The high removal rate 

combined with the ability to form a protective passive layer make nitric acid based 

slurries more favorable for CMP compared to slurries containing phosphate. 

Interestingly, the polishing rate data for the 0.1 M KNO3 slurry at pH 1.5 containing 

10% H2O2 (slurry #2) indicates that the aluminum removal rate is only about 300 A/min 

at either polishing condition. Aluminum films polished in the other slurries exhibited 

an increase in removal rate with increased load or rotation rate. The presence of 

peroxide in the nitric acid based slurry appears to limit the polishing rate. The use of 

peroxide as a "quench" to suppress polishing rates during the endpoint of polishing may 

be useful for nitric acid based slurries. 
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5.4.4. AFM Surface Roughness Analysis 

The surface roughness (Ra) of Al-l%Si-0.5%Cu films polished in experimental 

slurries at pH 1.5 in the small-scale polisher was measured by AFM. Table 5.22 lists 

the different slurries tested, polishing condition, polishing rate, and the average surface 

roughness values measured fi"om a 1 x 1 |im scan area. It may be seen from Table 5.22 

that the surface roughness values measured for all the polished specimens regardless of 

the slurry used is about 1 to 3 A. This is consistent with current CMP technologies, 

where surface roughness values of 5 A or less have been reported [5.30], An important 

conclusion from the data in Table 5.22 is that there is no significant advantage gained 

using phosphate in slurries. It appears that slurries based only on nitric acid can provide 

similar removal rates and comparable surface roughness characteristics. 

Table 5.22. Comparison of polishing rates of AI-l%Si-O.S%Cu films using a 
small-scale polisher, and surface roughness (Ra) values measured by 
AFM for the polished specimens. 

[Polishing pad: Buehler Microcloth] 

# 
SLURRY 
(pH 1.5) 

POLISHING 
CONDITION 

POLISHING 
RATE rA/MIN) 

ROUGHNESS 
RarA) 

#1 0.1 M KNO3 
+3% AI2O3 

5 PSI, 50 RPM 1000 ±100 1.7 + 0.4 

#2 #1 + 10%H202 5 PSI, 50 RPM 280 ± 20 1.910.4 

#3 #1 + 10% H3PO4 5 PSI 50 RPM 1350+ 100 2.3 ±0.4 

m #1 + 10% H3PO4 
+ IO%H202 

5 PSI 50 RPM 1350 ±100 1.4 ±0.3 
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5.4.5. Effect of Pad. Abrasive, and Temperature 

5.4.5.1. Effect of Pad Type on Dissolution 

As mentioned previously, a long napped, synthetic rayon polishing cloth (Buehler 

Microdoth) was used for abrading aluminum films during electrochemical dissolution 

measurements. For comparison, an experimental Rodel buffed foam pad designed for 

aluminum CMP, or Rodel stacked IC 1000 pad designed for tungsten CMP, were used 

to abrade aluminum during electrochemical dissolution tests. No statistical difference 

in dissolution behavior was observed using any of the pads under identical polishing 

conditions at applied pressures of 2 psi or greater (30 rpm). Similar to results for CVD 

W, it appears that once the passive layer is removed under light pressure, the 

electrochemical dissolution rate is essentially constant regardless of pad type. 

However, the type of pad used can affect the final surface finish of the polished metal 

film. Hard pads such as the Rodel IC 1000 pad tended to severely scratch softer 

aluminum films, while the softer Buehler Microdoth left the aluminum surface 

relatively scratch free. 

In polishing rate experiments, the removal rate of aluminum was affected by pad 

type. Table 5.23 lists the polishing rates measured for Al-l%Si-0.5%Cu films polished 

in a nitrate - peroxide - phosphate slurry (slurry A) at pH 1.5 using loads of 1 to 5 psi 

(50 rpm). A Buehler Microdoth or Rodel buffed foam pad was used in the small-scale 

polisher. The data in Table 5.23 indicates a similar trend in removal rate vs. load for 

both types of pad. It is evident for slurry A that the polishing rate of aluminum 

increases with increasing load. For example, using the buffed foam pad, the polishing 
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rate increases from about 250 A/min at 1 psi up to about 900 A/min at 5 psi. Using the 

Microcloth, the polishing rate increases from about 610 A/min at 1 psi up to about 1350 

A/min at 5 psi. The polishing rates were also measured vs. pad type in 0.1 M KNO3 

solution at pH 1.5 (3% alumina) containing 10% H2O2 (slurry B). Using the 

Microcloth, a removal rate of about 300 A/min was obtained at either 2 or 5 psi (50 

rpm). Using the Rodel buffed foam pad, the removal rate at either polishing condition 

was about 100 A/min. It appears that the nature of the pad can affect removal rates. 

The napped synthetic rayon pad (Microcloth) appears to remove aluminum more 

effectively at lower polishing loads. 

Table 5.23. Comparison of polishing rates for AI-l%Si-0.5%Cu films obtained 
using Buehler Microcloth or Rodel buffed foam pad with the small-
scale polisher. 

Slurry A: 0.1 M KNO3,10% H2O2, 10% H3P04, 3% AI2O3, pH 1.5 

Buehler Microcloth Rodel Buffed Foam 
Dsi f50 mm) Rate{ A/min) Dsi (50 mm) Rate{ A/min) 

1 610±40 1 250 ± 40 
2 750 ±30 2 470 ± 30 
3 1020±100 3 650 ± 30 
4 1270±130 4 760 ± 50 
5 1350± 10 5 900 ± 50 

Slurry B: 0.1 M KNO3,10% H2O2,3% AI2O3, pH 1.5 

Buehler Microcloth Rodel Buffed Foam 
Dsi (^50 rom) Ratef A/min) Dsi (50 mm) Rate{ A/min) 

2 300 ± 40 2 100 ±20 
5 280 ± 20 5 100 ±20 



192 

5.4.5.2. Effect of Abrasive Type on Dissolution 

The effect of abrasive type on electrochemical dissolution of Al-l%Si-0.5%Cu films 

was evaluated. Table 5.24 lists the electrochemical dissolution rates measured in the 

electrochemical polishing tool in nitrate - peroxide - phosphate slurry at pH 1.5 using 

either 3% CERAC alumina or 3% Degussa fumed alumina in the polishing solution. As 

may be seen from the data, the use of either type of abrasive resulted in similar 

dissolution rates of about 250 |iA/cm^. The open circuit potential of aluminum films 

was slightly different using either type of abrasive, but the general electrochemical 

behavior was not significantly dissimilar. 

The use of the larger grit CERAC alumina did result in higher removal rates as 

compared to Degussa fumed alumina. The use of CERAC alumina caused visible 

scratching of the aluminum surface, significantly higher surface roughness (Ra values > 

20 A), and resulted in early film to substrate breakthrough in electrochemical 

dissolution tests under abrasion. The fact that use of the larger size particle resulted in 

significantly enhanced aluminum removal indicates that mechanical grinding by particle 

to metal surface interactions is likely to be an important mechanism for aluminum 

removal during CMP. 
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Table 5.24. Comparison of dissolution rate of Ai-l%Si-0.5%Cu films during 
and after abrasion in slurry containing either 3% CERAC or 3% 
Degussa fumed alumina. 

Slurry: 0.1 M KNO3, 10% H2O2,10% H3PO4,3% AI2O3, pH 1.5 

ABRASIVE CONDITION icorr (uA/cm^) Rate f A/min) 
A. Degussa 1. * Abrasion 250 ± 50 50 ± 10 
ftimed AI2O3 2. No Abrasion 250 ± 50 50 ± 10 

B. CERAC 1. * Abrasion 240 ± 50 48 ± 10 
-325 Mesh AI2O3 2. No Abrasion 270 ± 50 55 ± 10 

* Abrasion at 2 psi (30 rpm) in electrochemical polishing tool 

5.4.5.3. Eflect of Temperature on Dissolution 

In a typical commercial CMP process, the wafer surface temperature can rise from 

room temperature up to 40 to 45°C during polishing. The increase in temperature may 

enhance electrochemical dissolution of aluminum. Table 5.25 lists the electrochemical 

dissolution rates for AJ-l%Si-0.5%Cu films measured during and after abrasion in 

nitrate - peroxide - phosphate slurry at pH 1.5 at 23 ± 2°C and 45 ± 2°C. The data in 

Table 5.25 indicates that the dissolution rate of aluminum during or after abrasion 

increased from about 250 pA/cm* at 23°C up to about 500 |j.A/cm^ at 45°C. This 

corresponds to an increase in the dissolution rate of about 50 A/min for a temperature 

increase of +22 degrees. Although aluminum dissolution in this slurry chemistry is 

clearly enhanced at elevated temperature, the electrochemical dissolution rate is still at 

least 13 times less than the polishing rates measured for aluminum in the slurry at room 

temperature. 
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Table 5.25. Comparison of dissolution rate of AI-l%Si-0.5%Cu films abraded at 
23 ± 2°C or 45 ± 2°C (Numbers in parentheses indicate dissolution 
in A/min). 

Slurry: 0.1 M KNO3, 10% HjOj, 10% H3PO4,3% AI2O3, pH 1.5 

Temperature of Slurry 
23 ± 2°C 45 ± 2°C 

CONDITION icorr (uA/cm^) icorr (uA/cm^) 
1. *Abrasion 250 ± 50 520 ± 50 

0
 

1+
 

0
 

(104 ± 10) 

2. No Abrasion 250 ± 50 520 ± 50 
(50± 10) (104 ± 10) 

*Abrasion at 2 psi (30 rpm) in electrochemical polishing tool 

5.4.6. Effect of Alloying and Annealing 

Sputtered aluminum films used for interconnects are typically alloyed with 0.5% 

copper, and in some cases 1% silicon. During device fabrication, these films may 

undergo a variety of thermal treatments. The thermal history of films may include 

heating at 450°C, which anneals out residual stresses in the films, and dissolves any 

secondary phase precipitates such as AlCu back to the Al-Cu solid solution phase. The 

films may also be cooled at temperatures around 200°C after deposition or following a 

high temperature anneal (~ 450°C), which results in formation of grain boundary 

precipitates. Differences in alloy composition or thermal history may impact both the 

electrochemical behavior and polishing rates of films. As such, the effect of alloying 

AJ-0.5%Cu films with 1% silicon, and alternate thermal processing conditions was 

investigated. 
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Figure 5.41 shows the static etch rate vs. time data collected for three types of 

aluminum films exposed to a nitrate - peroxide - phosphate solution at pH 1.5 (no 

abrasive, T = 23 ± 2°C). The aluminum film composition and thermal history is 

indicated in the fig^re. It is evident from the data in Figure 5.41 that each of the films 

exhibit similar static etch rate behavior. After 20 minutes exposure, the static etch rate 

of the films is about 40 to 50 A/min. The static etch rate increases slightly with time up 

to an average of about 65 to 70 A/min. Difference in thermal treatment or composition 

did not appear to significantly affect the dissolution behavior of the aluminum films in 

the solution chemistry evaluated. 

Figure 5.42 presents the Tafel polarization curves measured during and after 

abrasion for a Al-0.5%Cu film in 0.1 M KNO3 solution at pH 1.5 (3% alumina) in the 

absence or presence of 10% H3PO4 and 10% H2O2. The Al-0.5%Cu film was sputter 

deposited at 200°C, annealed at 450°C for 1 minute, and then annealed at 200°C for 24 

hours. In comparison, it may be seen that the Tafel behavior of annealed Al-0.5%Cu 

films shown in Figure 5.42 are nearly identical to the Tafel behavior of as-deposited Al-

l%Si-0.5%Cu films tested under identical conditions in Figure 5.38 (Section 5.4.2). 

Table 5.26 lists the polishing rates measured using a small-scale polisher, and 

electrochemical dissolution rates measured during abrasion in the electrochemical 

polishing cell for annealed Al-0.5%Cu films, and unannealed A]-l%Si-0.5%Cu films. 

The measurements were conducted in nitrate - peroxide - phosphate slurries at pH 1.5 as 

indicated. It is apparent fi^om the data in Table 5.26 that both the polishing rate and 
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Figure 5.41. Graph of static etch rates vs. time for three types of aluminum film 
samples exposed to nitrate - peroxide - phosphate slurry at pH 1.5. 
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Figure 5.42. Tafel polarization cur\'es for Al-0.5%Cu films during and after abrasion 
in nitrate - peroxide - phosphate slurry at pH 1.5. A1 film annealed at 
450°C for 1 minute, and then annealed for 24 hours at 200°C. 
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Table 5.26. Comparison of polishing rates measured using a small-scale polisher 
and electrochemical (Tafel) dissolution rates for unannealed and 
annealed Ai-0.5%Cu films alloyed with or without 1% Si. 

rPoIishing^a±_^uehlerMicrocIoth^^olishi^^ 

•ABRASION 
POLISHING DISSOLUTION 

SLURRY FILM TYPE RATE rA/MIN^ RATE fA/MIN) 
#1: 0.1 M KNO3 A]-l%Si-0.5%Cu (U)»* 320 ± 20 22 ±5 

+ 3% AI2O3 Al-0.5%Cu (200/24)*** 340 ± 30 22 ± 4 

#1 + 10% H2O2 Al-l%Si-0.5%Cu (U)** 560 ± 30 50 ± 10 
+ 10%H3P04 Al-0.5%Cu (200/24)*** 600 ± 40 50 ± 10 

* Abrasion at 2 psi (30 rpm) in electrochemical polishing tool 
** (U) - Unannealed 
*** (200/24) - Annealed for 24 hours at 200°C 

electrochemical dissolution rate are almost identical for the two types of films. The 

results indicate that alloying with 1% Si, or alternate thermal processing does not 

significantly impact the electrochemical behavior or polishing rate of Al-0.5%Cu films 

in the slurries investigated. 

5.4.7. Addition of Surfactant 

The effect of addition of an alkylphosphate anionic surfactant (RE610) to nitrate -

peroxide - phosphate slurries at pH 1.5 was investigated. Figure 5.43 shows the Tafel 

polarization curves measured during and after abrasion for Al-l%Si-0.5%Cu films 

tested in a slurry containing 0 or 5000 ppm surfactant. It may be seen from this figure 

that the Tafel behavior in the absence or presence of surfactant is nearly identical. 

Aluminum films tested in slurries containing 5000 ppm surfactant exhibited slightly 
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Figure 5.43. Tafel polarization curves for Al-I%Si-0.5%Cu films during and after 
abrasion in nitrate - peroxide - phosphate slurry at pH 1.5 containing 0 or 
5000 ppm surfactant. 
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lower OCP values. The presence of 5000 ppm surfactant in slurries did not 

significantly affect the measured static etch rate, or the (Tafel) dissolution rate of the 

aluminum films. Surfactant levels of 5000 ppm or greater in slurries produced similar 

results in tests. 

Table 5.27 lists the polishing rates of aluminum films polished in the small-scale 

polisher in slurries containing 0 or 5000 ppm surfactant as indicated. The surface 

roughness (Ra) values as measured by APM are also listed for the polished specimens. 

The data in Table 5.27 indicates two significant effects of surfactant addition on 

aluminum polishing: 1) Polishing rates are dramatically reduced in the presence of 

surfactant, and 2) the surface roughness appears to decrease slightly for specimens 

polished in the presence of surfactant. For example, the polishing rate of slurry #1 

containing 0.1 M KNO3 at pH 1.5 drops from 1000 ± 100 A/min with no surfactant to 

150 ± 50 A/min with 5000 ppm surfactant. The surface roughness decreases from 1.7 ± 

0 .4 A to 1.2 ± 0.3 A when 5000 ppm surfactant is added. The ability of the surfactant to 

lower polishing rates makes it potentially useful as a polishing additive to control 

polishing rates, or as a polishing "stop" which can be added near the endpoint of 

polishing to lower removal rates and alleviated the possibility of overpolishing. The 

fact that the presence of surfactant can dramatically affect polish rates and reduce 

roughness yet not affect the electrochemical response further emphasizes that 

mechanical effects are crucial to the CMP process. 
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Table 5.27. Comparison of polishing rate and surface roughness (Ra) values for 
AI-l%Si-0.5%Cu films polished using a small-scale polisher. 
Surfactant level of 0 or 5000 ppm present in slurries. 

[Polishing pad; Buehier Microcloth. Polishing condition; 5 psi (50 rpm)] 

SLURRY SURFACTANT POLISHING ROUGHNESS 
# (pH 1.5) LEVEL (PPM) RATE (A/MIN) Ra(A) 

#1 0.1 MKNO3 0 1000 ± 100 1.7 ±0.4 
+ 3%Al203 5000 150 + 50 1.2 ±0.3 

#2 #1 + lOVoHzOz 0 280 ± 20 1.9 ±0.4 
5000 260 ± 30 1.6±0.5 

#3 #1 + 10%H3P04 0 1350 ±100 1.4 ±0.3 
+ 10% H2O2 5000 440 ±60 1.0 ±0.3 

5.4.8. Galvanic Corrosion 

The dissolution rate of aluminum at the endpoint of polishing may be accelerated by 

galvanic corrosion. In the case of aluminum on a Ti adhesion layer, the exposed 

aluminum features would be anodic with respect to the more noble Ti regions. In acidic 

polishing chemistries, a galvanic couple between the two metals is likely to result in 

hydrogen gas evolution on the Ti surface (cathodic), and enhanced dissolution of 

aluminum to Al^* (anodic) [5.31]. 

The extent that galvanic corrosion may accelerate aluminum dissolution was 

investigated for the nitrate - peroxide - phosphate slurry system at pH 1.5. Figure 5.44 

presents Tafel polarization curves measured for Al-l%Si-0.5%Cu and titanium films in 
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Figure 5.44. Tafel polarization curves for AJ-l%Si-0.5%Cu and titanium films 
measured in nitrate - peroxide - phosphate slurry at pH 1.5. 
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the test slurry. It may be seen from this figure that the cathodic portion of the Tafel 

curve for titanium (hydrogen gas evolution) intersects the anodic portion of the 

aluminum curve (aluminum dissolution to Al^~) at a corrosion current density of about 

200 jiA/cm^. This corresponds to a dissolution rate of about 40 A/min. The aluminum 

dissolution rate is 66 ± 5 A/min in the slurry under static conditions. It is important to 

note that the Tafel scans of titanium and aluminum are independent tests, and do not 

provide conclusive evidence of a galvanic couple. 

To further determine if galvanic corrosion was occurring when both aluminum and 

titanium film areas (in electrical contact) were exposed to the polishing slurry, 

aluminum film samples with 50% titanium areas exposed were etched in nitrate -

peroxide - phosphate slurry at pH 1.5. The etch rate of the aluminum film under this 

condition was still about 66 A/min. A galvanic couple between A1 and Ti did not 

enhance aluminum dissolution in the experimental slurry. There appears to be no 

significant effect of galvanic corrosion based on the physical etch rate measurements. 
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Chapter 6 

CONCLUSIONS 

6.1. Electrochemical Aspects of Tungsten CMP 

The fundamental electrochemical behavior of tungsten was reported as a function of 

pH in a 0.1 M KNO3 electrolyte, and in the absence or presence of 5% H2O2, a 

commonly used oxidant for tungsten. DC potentiodynamic polarization results indicated 

that in the absence of H2O2, a passive layer that inhibits tungsten dissolution is present 

on the tungsten surface in the pH range 2 to 11. The passive layer formed provides the 

best passivation at pH < 4, somewhat less passivation at pH values between 4 and 9, and 

passivation drops rapidly as the solution conditions become more alkaline. XPS results 

indicate that the passive layer formed at acidic conditions is a duplex oxide of 

WO2AVO3 less than 50 A thick. As conditions become more acidic (pH 4 to pH 2), the 

thickness of the oxide duplex layer increases. Because WO2 is a metallic conductor, 

and WO3 only an ionic conductor, the passivation of the tungsten surface is thought to 

be primarily dictated by the formation of WO3, which is most favored at pH values 

below 2. Upon addition of H2O2 to the test solution at pH 2 or 4, the dissolution of 

tungsten increases dramatically. This indicates that H2O2 acts as a lixiviant for 

tungsten, and causes dissolution rather than passivation of the tungsten surface. 
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6.2. Electrochemical Behavior of Tungsten During CMP 

The electrochemical behavior of CVD tungsten films was measured during and after 

abrasion in alumina slurries containing different oxidants at pH 1.5 or pH 4.4. It was 

found that in slurries containing 5% H2O2 or 0.1 M Fe(N03)3, CVD tungsten exhibited a 

rapid rise in OCP after abrasion indicating repassivation, but the passive layer provided 

only a small degree of protection from chemical dissolution. The presence of 0.1 M 

KJO3, 0.1 M KMn04, or 0.1 M (NH4)6Mo7024 in the slurries resulted in the formation 

of a more protective passive layer on tungsten. The corrosion current densities 

measured during tungsten film and tungsten metal foil abrasion corresponded to a 

tungsten removal rate of only 30 to 130 A/min at pH 1.5. In an alumina based slurry 

containing 0.1 M K3Fe(CN)6 at pH -6.6, CVD W dissolution during or after abrasion 

was only about 30 A/min, and no tendency for passivation was observed after the 

cessation of abrasion. The electrochemical dissolution rates were only slightly 

dependent on polishing conditions, and plateaued above certain polishing pressures and 

rotational rates. The electrochemical dissolution rates measured during abrasion can 

only account for a small percentage of the polishing (removal) rates measured from 

small scale polishing experiments, or reported for commercial tungsten CMP processes. 

This result indicates that the chemical oxidation and/or dissolution and abrasive 

removal of the oxidation product of tungsten may not be the primary removal 

mechanism occurring during tungsten CMP. Atomic force microscopy scans of 

polished tungsten films indicate that corrosion assisted fracture may be an important 

removal mechanism for tungsten during chemical mechanical polishing. 
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6.3. Electrochemical Aspects of Aluminum CIVIP 

The fundamental electrochemical behavior of Al-l%Si-0.5%Cu films was reported 

as a flinaion of pH in a 0.1 M KNO3 electrolyte. DC anodic polarization measurements 

indicate that the aluminum alloy forms a protective passive layer in the pH range of 1.5 

to 11 that limits anodic dissolution. DC anodic polarization, Tafel dissolution, and open 

circuit potential measurements all indicate that aluminum was most effectively 

passivated in the pH range of 4 to 9, consistent with Eh-pH thermodynamic 

calculations. Aluminum was somewhat less passivated at acidic (pH 1.5) and alkaline 

(pH 11) media, again consistent with theoretical calculations. Aluminum exhibited the 

highest dissolution rate at pH 11. However, the maximum dissolution observed at pH 

11 was only about 20 |xA/cm", corresponding to about 4 A/min. 

Since the CMP of aluminum is commonly carried out in acidic media (pH < 4) in the 

presence of hydrogen peroxide and phosphoric acid, the effect of addition of H2O2 and 

H3PO4 to polishing slurries was investigated. It was found that addition of hydrogen 

peroxide to the O.I M KNO3 solution at pH 1.5 caused the open circuit potential of 

aluminum to become more noble by about +350 mV. DC anodic polarization 

measurements indicate that the limiting constant current density of aluminum at pH 1.5 

decreased an order of magnitude upon addition of hydrogen peroxide. This finding 

indicates that the presence of hydrogen peroxide in solution causes aluminum to 

passivate more effectively. 

The addition of phosphoric acid (phosphate acid ion) to the slurry at pH 1.5 did not 

significantly affect the open circuit potential of aluminum. However, addition of 
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phosphoric acid resuhed in a dramatic increase in aluminum dissolution rates. An Eh-

pH equilibrium diagram was constructed for the A1 - P04^" - H2O system which predicts 

the formation of a sparingly soluble AIPO4 layer on aluminum at acidic pH. Based on 

the increase in aluminum dissolution rates in the presence of phosphate, the AIPO4 layer 

provides little protection from dissolution. However, DC anodic polarization 

measurements for aluminum in the presence of phosphate at pH 1.5 indicate a limiting 

constant current density was reached at high anodic overvoltage. This suggests that 

anodic dissolution of aluminum is controlled by an intermediate layer. It is likely that a 

duplex layer of AI2O3 • XH2O/AIPO4 is present on the aluminum surface in the presence 

of phosphoric acid, and the dissolution rate of aluminum is controlled by the continuous 

formation and dissolution of the intermediate AI2O3 • XH2O layer. This is consistent 

with the proposed mechanism for aluminum brightening in acidic nitrate - phosphate 

solution chemistries. 

6.4. Electrochemical Behavior of Aluminum During CMP 

The electrochemical behavior of Al-l%Si-0.5%Cu films was investigated during and 

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

hydrogen peroxide and/or phosphoric acid. Open circuit potential measurements were 

carried out during the abrasion of a chemical oxide on aluminum. In 0.1 M KNO3 

slurries at pH 1.5 in the absence or presence of hydrogen peroxide, the freshly abraded 

aluminum surface formed a protective passive layer upon repassivation that provided a 

high degree of protection from dissolution. This was indicated by a sharp increase in 
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the OCP, and a dramatic decrease in the corrosion current density upon cessation of 

abrasion. 

In the presence of phosphate acid ion at pH 1.5, open circuit potential measurements 

indicated that the chemical oxide initially formed on aluminum was readily attacked. 

The freshly abraded aluminum surface showed little tendency to form a protective 

passive layer upon cessation of abrasion. This was indicated by almost no change in the 

OCP, or decrease in corrosion current density upon cessation of abrasion. 

A small-scale polisher was used to conduct polishing rate experiments for aluminum 

films in the experimental slurries. AFM measurements were also conducted on the 

polished specimens to characterize surface roughness. It was found that a slurry 

chemistry based on O.I M KNO3 at pH 1.5 (nitric acid) provided high removal rates and 

a low level of surface roughness similar to polishing chemistries based on hydrogen 

peroxide and/or phosphoric acid at pH 1.5. This result indicates that a simple aluminum 

polishing chemistry based on HNO3 (NO3' oxidant) may be as effective for aluminum 

polishing when compared to polishing chemistries containing H2O2 and/or phosphoric 

acid. 

The addition of a phosphate ester based surfactant at 5000 ppm or greater levels to 

the polishing slurries was found to have two effects; (I) polishing rates were 

dramatically suppressed, and (2) there was a slight decrease in the surface roughness of 

the polished aluminum films. The use of surfactant in aluminum CMP slurries may 

have practical application as a polishing additive to control polishing rates and reduce 
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surface roughness, or as a polishing "stop" to suppress the polish rate at the endpoint of 

aluminum CMP. 

The effect of heat treatment, and/or the presence or absence of 1% silicon in Al-

0.5%Cu alloys did not significantly effect the aluminum electrochemical dissolution 

rates or polishing rates obtained for the polishing chemistries evaluated. Galvanic 

corrosion of aluminum due to the formation of an A1 - Ti galvanic couple was not a 

significant cause of aluminum dissolution in the polishing slurries tested. 

Electrochemical dissolution rates of AI-l%Si-0.5%Cu films or high purity aluminum 

foil ranged fi-om about 20 to 50 A/min in the experimental slurries. The 

electrochemical dissolution rate was found to essentially independent of polishing 

conditions above about 20 psi (30 rpm) as measured in the electrochemical polishing 

tool. The dissolution rate never exceeded 75 A/min even at loads of 60 psi and 

rotational rates of greater than 200 rpm (T = 23 ± 2°C). Polishing rates measured from 

the small scale polishing experiments were typically at least 10 times greater than 

dissolution rates measured for aluminum in the electrochemical polishing tool. This 

suggests that the primary mechanism for aluminum removal during CMP is mechanical 

removal of metallic aluminum, not the oxidation product of aluminum. Polishing 

chemistries with high aluminum etch rates resulted in higher aluminum removal rates 

indicating that metallic aluminum removal during CMP is a corrosion assisted process. 
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6.5. Corrosion Assisted Metal Removal 

The results of this investigation indicate that the electrochemical corrosion rate of 

rangsten or aluminum during abrasion can only account for a small fraction of polishing 

(removal) rates measured during small scale polishing experiments. Based on the 

available evidence, metal removal is the primary material removal mechanism 

occurring during the CMP of tungsten and aluminum, and not dissolution and/or 

oxidation and mechanical removal of the passive oxide layer. 

It is intriguing that addition of a strong oxidant such as ferric nitrate to the polishing 

slurry results in only a minute increase in the electrochemical corrosion rate of tungsten. 

However, the polishing rate of tungsten increases dramatically with addition of the 

oxidant. In fact, the presence of an oxidant is generally required to achieve high 

polishing rates during the CMP of metals. It is therefore likely that metal removal 

during CMP is a corrosion assisted process. 

The mechanism for corrosion assisted metal removal may be closely linked to stress 

corrosion cracking (SCC). During CMP, preferential corrosion and cyclic stresses due 

to polishing action are likely to act in conjunction to facilitate metal removal. These 

processes are described as follows: 

i) Sites on metal features such as dislocations or grain boundaries undergo 

preferential corrosive attack. The result is the formation of etch pits or crevice 

like features. Regions subjected to elevated stress intensity such as crack tips 

will also be anodic with respect to unstressed regions, leading to preferential 

corrosion. The presence of an oxidant may enhance the "dislocation etch" 
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properties of the slurry chemistry. In this case, the metal surface is effectively 

passivated, but preferential etching occurs in the vicinity of the dislocation core 

or defect region due to strains in the lattice structure. 

ii) Stress is exerted on metal features or "protrusions" as a result of hydrodynamic 

forces and interactions between metal features and slurry particles during CMP. 

Stresses are intensified at "sharp" crevice tips on the metal surface. The applied 

stresses are likely to be periodic or cyclic in nature and result in a process of 

cyclic fatigue and gradual crack growth. 

The combination of preferential corrosion at stressed regions and cyclic stressing 

result in propagation of a crack and eventual metal removal by fracture. Figure 6.1 

illustrates a probable sequence of events leading to metal fracture and material removal 

during CMP. Large black circle in Figure 6.1 represents a particle. The process is 

described by the following sequence: 

1. Preferential corrosion at defect site leads to the formation of crevice or recessed 

feature with a narrow tip where stresses can intensify. 

2. Cyclic or periodic stresses exerted by particle/surface interactions and 

hydrodynamic forces concentrate at the crevice tip which results in enhanced 

corrosion at the crevice tip. This results in a "sharpening" of the tip, thereby 

increasing stress intensity at the tip. 
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3. Elevated cyclic or periodic stresses at the sharpened crevice tip cause a crack to 

develop and propagate from the crevice tip. Stress is relieved by tip blunting, at 

which time crack propagation is suppressed. If the stress is cyclic, the crack is 

likely to propagate during high stress levels, and stop when stress levels are at a 

minimum. 

4. Steps 3 and 4 occur continuously during the polishing process until the crack 

propagates across the metal feature and metal removal occurs by brittle or duaile 

fracture mode. 

5. Smoothing of feature may occur by removal of passive oxide (Kaufman's 

mechanism) and/or mechanical grinding. This may be more significant for softer 

metals such as aluminum or copper. 

At present, slurries for the CMP of metals have been developed based on the 

reasoning the presence of a strong oxidant will result in enhanced formation of a passive 

oxide layer that is then removed by mechanical abrasion. This approach is based on the 

assumption that the kinetics of metal oxide formation can sustain the reported polishing 

rates for an oxide removal mechanism in an aqueous medium. If corrosion assisted 

metal removal is the primary removal mechanism occurring during metal CMP, the 

development of polishing chemistries for metal CMP should focus on chemistries which 

preferentially etch dislocations, grain boundaries, and other defects in the metal. This 

direction of investigation may prove to be useful in friture metal CMP research. 
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I. Preferential corrosion at "defect" sites result in formation of crevice like feature 
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>r.STRESS 
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4. Steps 2 and 3 occur until crack propagates and fracture occurs along crevice site 
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Figure 6.1. Schematic illustrating proposed material removal mechanism during 
metal CMP in which preferential corrosion occurs at defect sites leading 
to metal fracture and removal. 
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