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ABSTRACT 

Chemical mechanical polishing (CMP) of dielectric and metal films has become a key 

process in manufacturing devices with ultra large scale integration (ULSI). In a CMP 

process, planarization is achieved by polishing a wafer with uneven topography using 

colloidal slurry consisting of sub-micron sized abrasive particles, oxidant and various 

additives. Hydrogen peroxide and hydroxylamine are commonly used oxidants in copper 

CMP process. To achieve planarization, the low lying areas have to be protected while 

the higher areas are polished away. This requires low static dissolution rate of copper in 

low areas. Another major issue in copper CMP is galvanic corrosion during barrier 

polishing step where both copper and the barrier metal are exposed to the slurry. 

The main goal of the research reported in this dissertation is to understand the 

dissolution and corrosion issues during the removal of copper in hydroxylamine based 

chemistries. Electrochemical and physical methods such as profilometry were used to 

obtain copper removal rates. Among the variety of organic compound tested, 

benzotriazole and salicylhydroxamic acid were identified as potential corrosion inhibitors 

for copper. The passive film formed on the copper surface by the addition of 

benzotriazole and salicylhydroxamic acid was characterized by X-ray photoelectron 

spectroscopy and atomic force microscopy. The passivation and repassivation kinetics 

were investigated in detail and a passivation mechanism for copper in hydroxylamine in 

the presence of benzotriazole and salicylhydroxamic acid chemistries is proposed. 

Copper removal experiments were performed on a specially designed electrochemical 
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abrasion cell (EC-AC) in the presence and absence of inhibitors. The effect of anodic 

potentials on the dissolution of copper in various chemistries was studied to identify 

suitable conditions for electro-chemical mechanical planarization process. 

The extent of galvanic corrosion between copper and tantalum was estimated using 

electrochemical polarization measurements. A novel setup was designed to make direct 

measurement of the galvanic current between copper and tantalum and was successfully 

used to measure galvanic current in various chemical systems. 

CMP and post CMP cleaning operations account for almost twenty five percent of the 

total water usage at semiconductor fabrication plants. The waste water has to be treated to 

remove copper and unused oxidants and organic additives before it can be recycled or 

disposed. Fundamental studies on the treatment of copper CMP waste water using boron 

doped diamond electrodes was performed. The feasibility of copper deposition and 

organic oxidation was established and a design for a novel reactor is proposed. 
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1 INTRODUCTION 

1.1 Introduction 

The invention of semiconductors and development of integrated circuits (IC) have 

permitted the increasingly rapid processing of information. The fabrication of integrated 

circuits has developed from a few thousand transistors per chip in 1970 to about 500 

million transistors per chip in 2004 (Figure 1.1) [1.1]. In the 1960s, Gordon Moore 

predicted that the number of transistors in a chip would double every two years. This is 

known as the "Moore's law" [1.2]. The increase in number of transistors per chip also led 

to a constant decrease in the nominal feature size such that the chip area does not expand 

drastically. Figure 1.2 shows the decrease of the feature size from a few microns in the 

1970s to 90 nm in 2004. This trend in the IC development has increased the complexity 

of fabrication technologies and forced the introduction of new materials. 

The continual shrinkage in the feature size and increased complexity of the chips are 

placing increasing demands on the interconnect technology. Multilevel metallization has 

become the key process in fabricating ultra large scale integration (ULSI) devices [1.3]. 

Earlier devices with larger feature sizes used aluminum (resistivity of 2.5 jifi.cm) as the 

interconnect metal. Today, copper (resistivity of 1.67 |xQ.cm) has replaced aluminum for 

submicron devices. The increase in device density requires the use of multilevel 

metallization with metal and dielectric layers. Silicon dioxide (dielectric constant, k~ 4), 

which is currently used as the interlayer dielectric between the metal layers will soon be 

replaced by novel low-k materials in order to reduce the resistance-capacitance (RC) 

delay. 
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Figure 1.1: Increase in number of transistors packed in a chip since 1970 [ 1.1 ]. 
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Figure 1.2: Decrease in nominal feature size since 1970 [1.1]. 
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The 2003 International Technology Roadmap for Semiconductors (ITRS) predicts 

that devices with 18 nm (DRAM '/z pitch) technology node for both logic 

(microprocessor) and memory chips with copper metallization will be used in the year 

2018 (Table 1.1 and Table 1.2) [1.4]. It also predicts the need for 14 metals layers for the 

microprocessor and 4 layers for the memory devices for 18 nm technology node. 

Table 1.1: Microprocessor interconnect technology requirement predicted in ITRS 2003 
[1.4], 

of Froiiuctio'^} :oiG 2012 20IS 2GI^ 2')16 201S 

Te':hnolcg\' S'od^ hp.-i2 hp22 

DILiMFit^h (rjmj 4,'- S2 rj IS 

MFU A^aiC Firch omn 54 42 JS so :7 21 

MFU Printed Gare Length r.imy 25 20 JS 14 J J 10 

MFV Physical Gijra- Lgfigth •IS U IJ 10 9 7 

Ni^abet of metal Seve^'i 12 12 12 13 14 14 

Number of optional levels - groacd planes/capacitcis 4 4 4 4 4 4 

Table 1.2: DRAM interconnect technology requirement predicted by ITRS 2003 [1.4], 

of Froi^ncniyn 2.Q10 2012 2013 2025 2016 2QhS 

Jcchr.ohg}' Node >1^45 hp^2 hp22 

DR.4M Pisch 45 SJ J2 22 IS 

MPU/ASIC Pitch (nm) 43 S5 32 22 IS 

MPU Fnnred Gare Length fnm) 20 IS 14 16 

MPU Physical Gare (nmi IS 14 W 9 7 

Nuuibej oficetjil levels 4 4 4 4 4 4 

Coniac? A R - sTacked capacitor 

M«tal 1 pitch Uiins * 

Spe-citjc coata-ct le^i^tance (ii-cm") 

Specific via (lii-ciu*) 3.20E-10 2.20E-101.60E.101.00E.107.60E-115.00E-11 

Coadiictcr elfectr.'e ae'^r^tr.-ity (uli-cui) 2.2 2.2 1 
1 

Literlevel metal m«>ula?Cf! - e®^ctlve dielectiic cocitant (k) 2.7-3.1 2J-3.1 1 12.7-3.1 2-.7-3,1 

"Refer ro Figiirg -i for defimnori ofMercJ i pitch 

Manufacmyable zohitions exisr, and csrc being optimized 

Mamif^ctianble ars 

irttefini ::olutions are known 

Msinnfiicntvabh soiufiom fsre 'vOJ 
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The damascene process has become the key step in the formation of interconnects. 

During a damascene process, copper is deposited in to the trenches and vias created in the 

dielectric film. The copper deposition leaves a topography based on the pattern below it. 

Unless the topography is removed by planarization, the fabrication of devices smaller 

than 0.1 |j.m by photolithographic techniques would be extremely difficult. Figure 1.3(a) 

shows a cross sectional view of metal oxide semiconductor field effect transistor 

(MOSFET) device with three layers of unplanarized metal interconnects [1.5], Figure 

1.3(b) shows the same device structure with reduced topography after planarization. 

Conventional planarization methods include etch back, laser reflow, spin coating, and 

polishing [1.6]. Currently, chemical mechanical polishing or planarization (CMP) is 

accepted as the only viable technique for achieving required global planarity for 

advanced ULSI devices with feature size of 130 nm and below. 

In a CMP process, planarization of metal and dielectric areas is achieved by polishing 

a wafer with uneven topography on a polymeric pad held by a rotating platen using 

colloidal slurry consisting of sub-micron sized abrasive particles. The particles (alumina, 

silica, ceria) are dispersed in an aqueous solution containing various chemicals. These 

chemicals, depending on their nature, play the role of oxidizer, slurry stabilizer, and 

complexant or corrosion inhibitor. Hydrogen peroxide and hydroxylamine are some 

commonly used oxidants for copper CMP. Slurries based on hydrogen peroxide use 

different types of complexing agents such as citric acid and glycine. 
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Figure 1.3: Cross sectional view of MOSFET device with three levels of metal 
interconnects: a) Surface topography without any planarization, b) planarized surface 
without topography buildup [1.5], 
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Copper CMP has become prone to various corrosion issues, due to both chemical and 

mechanical factors. Dishing, erosion, static etching, galvanic corrosion, and photo 

corrosion are some major defectivity and corrosion issues faced in copper CMP. Static 

etching occurs due to the aggressiveness of the chemistry while galvanic corrosion occurs 

due to the dissimilar potentials of copper and barrier metal. Corrosion caused by the 

chemical and electrochemical interaction between copper and the slurry can be avoided 

by the use of corrosion inhibitors. Benzotriazole (BTA) is a commonly used corrosion 

inhibitor for copper. 

The constant decrease in line width of the copper features has made the integration of 

low-k dielectrics in to the interconnect scheme a requirement. Most of the low-k and ultra 

low-k materials proposed are porous and very soft. Traditionally, copper CMP is 

performed at polishing pressures between 4-6 psi. These low-k materials cannot 

withstand this level of pressure. Hence the CMP process is moving towards a low 

pressure regime (1 psi). To compensate for the reduction of mechanical forces, the 

chemical aspects have to be enhanced so that the process requirements such as removal 

rate and planarity are not sacrificed. An outcome of such an effort is the introduction of 

electrochemical mechanical planarization (ECMP). In an ECMP process the copper film 

on the wafer is subjected to mechanical (low) and electrochemical (anodic bias) forces. 

The chemistry intensive nature of the process has increased the corrosion issues 

mentioned earlier. A good understanding of the fundamentals of the corrosion problems 

is required to control and solve them. 
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The copper CMP process is followed by cleaning. Both the CMP and post CMP 

cleaning processes use large quantities of de-ionized (DI) water. When added together, 

CMP and post CMP cleaning operations account for almost twenty five percent of the 

total water usage at semiconductor fabrication plants [1.7]. The waste stream fi-om the 

CMP tool and the post CMP cleaning tools normally exit together. The waste is a dilute 

mixture of copper ions, unused components of the slurry, byproducts of the reaction 

between copper and the slurry components and the abrasive particles. To comply with 

environmental regulations, the waste stream has to be treated to remove the copper, 

organics, and the solids. The current treatment process involves multiple steps and has 

difficulty dealing with dilute waste streams. Newer technologies that are simple and 

economical are being sought after to treat the copper CMP wastes. 

1.2 Research objectives 

The main goal of this research is to carry out fundamental studies to understand the 

chemical and electrochemical behavior of copper in chemistries relevant to copper CMP. 

Specific objectives are as follows; 

1. Construct potential-pH diagrams to understand the interaction between 

copper and various additives. 

2. Identify compounds that inhibit copper corrosion in hydroxylamine slurries, 

characterize the passive films, and understand the passivation mechanism. 
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3. Characterize removal rates of copper under static and abrasion conditions in 

hydroxylamine chemistries with suitable inhibitors using a research type 

CMP apparatus. 

4. Perform electrochemical and removal rate studies to identify suitable 

chemistries and anodic potentials for removal of copper under electro

chemical mechanical planarization (ECMP) conditions. 

5. Measure galvanic current and potential between copper and tantalum 

(barrier metal) under CMP conditions. 

6. Study the feasibility of using a simple electrochemical method to treat 

copper CMP waste water. 



27 

2 BACKGROUND 

2.1 Chemical Mechanical Planarization 

Historically, chemical mechanical planarization or polishing (CMP) was used for the 

optical finishing of glass surfaces [2.1, 2.2]. The use of CMP to planarize metal and 

interlevel dielectrics in the fabrication of very large scale integrated (VLSI) circuits was 

introduced by IBM in the 1980s [2.3]. Currently, CMP has become a key technology in 

ultra large-scale integrated (ULSI) device manufacturing to fabricate sub-micrometer 

metal and dielectric structures. In a CMP process, planarization of metal and dielectric 

areas is achieved by polishing a wafer with uneven topography on a polymeric pad held 

by a rotating platen using colloidal slurry consisting of sub-micron sized abrasive 

particles. 

The quantitative measurement of planarity is schematically shown in figure 2.1. The 

figure shows the development of topography when a metal is deposited on a surface 

which has a dielectric feature of step height Di. The height of metal on the dielectric 

feature is M|, height of metal in the trench is M2, and the step height between the two 

metal areas is designated as D2. The planarization angle (0) is described as. 

0 = tan -1 (2.1) 
v R y  

where R is defined as the distance traveled over a step or step coverage distance. In areas 

of high pattern density, R will decrease in relation to D2 thereby causing 0 to be high. In 

areas of low pattern density, 0 will be low. The step-height reduction (SHR) is defined as 
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D, fpost-planarization) 
SHR = 1 ^ (2.2) 

D2 (pre-planarization) 

To achieve planarity, the reduction of Mi must be greater than M2. The surface 

topography can be classified as local and global planarity [2.4, 2.5]. The CMP process is 

considered as the best planarization technique due to its ability to achieve global 

planarity. The degrees of planarity are tabulated in table 2.1. In the case of copper CMP, 

once planarity is reached, the remaining copper and the barrier should be removed with 

the same rate. 
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Figure 2.1: Measurement of planarity [2.4]. 

Table 2.1: Degrees of planarity [2.4] 

Planarity R (fim) 0 

Surface Smoothing 0.1 -2.0 >30° 

Local Planarization 2 - 1 0 0  0
 0 1 p
 

' 
0 

Global Planarization > 1000 <0.5" 

Ideal planarity, 0 = 0". 
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2.1.1 CMP Tools 

A CMP tool is a complex piece of equipment with various mechanical and electrical 

control systems. The platen and the wafer carrier are the major parts of the tool. The 

platen is a large circular metal disc on which the pad is attached. Depending on the 

generation and complexity of the tool, the number of platens could vary from one to 

three. The newer CMP tools consist of three platens each designed to perform different 

tasks. The first platen is used to remove the majority of the copper film, the second platen 

is used to remove the remaining copper film, and stop on the barrier film and the third 

platen is used for barrier film removal. The use of multiple platens allows the possibility 

of using different pad and slurries depending on the process requirements. The wafer 

carrier carries the wafer onto the polishing pad/platen and applies a down force pressing 

the wafer against the polishing pad/platen. Similar to the platens, the newer tools have 

multiple wafer carriers. 

The CMP tools can be divided into three classes depending on the mechanical motions 

they employ. In a traditional polisher called the rotary CMP tool, both the carrier and 

platen move in rotary motion [2.6]. The axis of rotation of the carrier is normally offset 

fi-om the axis of rotation of the platen. The magnitude of offset is a major factor in 

determining the relative velocity between the pad and wafer. In an orbital polisher, the 

wafer carrier moves in rotary motion while the polishing pad moves in an orbital fashion 

[2.7]. In a linear polisher, the wafer carrier moves in a rotary motion while the pad moves 

in linear fashion as in a conveyor belt [2.8]. The schematic diagrams of all three CMP 
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tools are shown in figure 2.2. It should be noted that in all the three designs, the axis of 

rotation of the wafer remains constant while the motion of the platen differs. 
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Figure 2.2: Schematic representation of the a) traditional, b) orbital and c) linear CMP 
tool [2.6- 2.8], 
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2.1.2 CMP Consumables - Pads 

The polishing pad is a key component in planarizing the wafer surface. The pad 

transfers and distributes the mechanical forces to the wafer surface to be planarized. The 

most commonly used CMP pads are made of polyurethane. The mechanical properties of 

the pad are modified according to the requirements during the polymerization process. 

Typically the nature of the pad is characterized by its density, hardness, and 

compressibility [2.9, 2.10]. The hardness of the pad is an important factor to be 

considered when choosing a pad to polish different films. If the pad is very soft, it will 

conform to the patterns on the surface of the wafer and global planarity cannot be 

achieved. On the other hand if the pad is too hard, it may cause defects such as 

scratching. Typical polishing processes use a stacked pad configuration consisting of a 

soft pad under a hard pad, with the hard pad making contact with the wafer. Buffing 

processes use very soft pads to apply a final polish to the wafer and remove any scratches 

left on them. Some of the major types of pads with their key features, properties, and 

typical application are summarized in table 2.2 [2.11]. 

Apart fi-om the hardness, size, and shape, patterning of the asperities and grooves on 

the pad surface are also important. It is in these asperities and grooves the slurry is 

carried and transferred to the wafer surface. An extensive list of various groove designs 

and pad shapes is summarized in literature [2.11]. Newer and novel design of pads has 

made it possible to retain the slurry on the platen without much wastage and efficiently 

transfer it to the wafer. During the polishing process the abrasive particles in the slurry 

are caught in between the asperities of the pad. This smoothens the pad surface causing 
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the wafer to hydroplane over the film of slurry. The pad is continuously conditioned with 

a disc embedded with diamond particles to remove the abrasives and roughen the surface 

of the pad. 

Table 2.2: List of the major types of pads and their properties [2.11], 

Type I Type 2 Type 3 Type 4 

Stmctwe Feited fibers 
impregnated 
with polymeric 
binder 

Porous film 
coated on a 
supporting 
substrate 

Microporoua 
polymer sheet 

Non^porous 
polymer sheet 
with surface 
macrotexture 

Microflrtructure Continuous 
channels 
between fibers 

Vertically 
oriented, open 
pores 

Closed cell 
foam 

None 

Sluny loading 
capacity 

Mediun;! High Low MimmaJ 

Pad Examples PeUon'^", Suba 
TM 

Politex^*^, 
Surfia™, 
URIOO'^^, 
WWP3000™ 

ICIOOO™, 
iClOlO™, 
IC1400™, 
FX9™, MH™ 

OXP3000™, 
IC2000™ 

Compressibility Medium High Low Very Low 

Sti&ess Medium Low High Very High 

Hardness Medium Low High Very High 

Typical 
Applications 

Si stock polish, 
TXingsten CMP 

Si final polish, 
Tungsten CMP, 
post-CMP buff 

Si stocit, DLD 
CMP, STI, . 
metal 
damascene 
CMP 

ILD CMP, STI, 
metal dual 
damascene 

Key US 
Patents 

4,728,552 
4,927,432 

3,100,721 
3,763,054 
4,841,680 
6,099,954 

5,578,362 
5,900,164 

5,489,233 
6,022,268 

NoU: Suba''", Politex''**. URlOO'*'", WWPMOO''", IClOOO'̂ ", IClOlO"'", 1C1400^", 

OXP3000'̂ ", and 102000"^" of Rodel Inc., Pellon'̂ " FX9^ ef Fteud«i-

burg, and Surfin^^ of Fujimi. 
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A new generation of pads with abrasive particles embedded as part of the pad matrix 

has emerged as a potential replacement for traditional slurry based CMP. This type of pad 

is commonly referred to as "fixed abrasive pad" (FAP). The pad surface has micro-

replicated structures that contain the abrasive particles evenly dispersed in a composite 

binder. The abrasive particles are bonded to the polycarbonate layer on the pad [2.12]. 

Fixed abrasive pads with pjaamid, pole, and various other shapes are available. The 

biggest advantage of using FAP is the elimination of the use of abrasive particles in the 

slurry. The absence of particulates in the system drastically reduces the defects on 

polished wafers. 

2.1.3 CMP Consumables - Slurries 

The major role of a CMP slurry is to provide a combination of chemical and 

mechanical effects during polishing. The slurry acts as lubricant to reduce the frictional 

forces between the pad and wafer, dissipates the heat generated by friction and transports 

the reactants to the wafer surface and the byproducts away from the wafer. Typical CMP 

slurry is composed of an oxidant, abrasive particles, and other proprietary chemicals. The 

abrasive particles in the slurry provide the mechanical effects by transferring the 

mechanical load from the pad to the wafer surface. Alumina and silica are the most often 

used abrasive particles in CMP slurries [2.13, 2.14]. Recently novel oxide material such 

as zirconium oxide, cerium oxide and other rare earth oxides are used in CMP slurries 

[2.15- 2.18]. The size of the abrasive particles range from 80 - 200 nm and the solid 

concentration ranges from as low as 0.5% to 10% [2.13]. Slurries for oxide CMP use 
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highly concentrated slurries (10%) as the removal rate is controlled more by the 

mechanical effects, while metal CMP slurries use lesser solids (~ 3%). The new 

generation slurries are moving towards smaller and lower concentration of abrasive 

particles in the slurries. This trend reduces the number of defects caused by the abrasives 

and removes the burden on the CMP waste treatment process. Abrasive free planarization 

processes are aimed at using "slurries" without any abrasives in them [2.19- 2.21]. The 

pH condition of the slurry is very critical in stabilizing the slurry. Normally dispersants 

such as polyacrylic acid are added to maintain a good dispersion of the solids. 

The nature of the chemical components in the slurry depends on the material to be 

planarized. Slurries for oxide CMP are mostly alkaline in nature (pH 9- 12). The bases 

used to adjust the pH are usually potassium hydroxide (KOH), ammonium hydroxide 

(NH4OH), or tetramethylammonium hydroxide (TMAH) [2.22]. In the case of metal 

CMP, the slurry contains an oxidizer, complexing agent, pH buffers, and corrosion 

inhibitor. The oxidants currently being used are hydrogen peroxide (H2O2), potassium 

iodate (KIO3), ferric nitrate (Fe(N03)3), potassium ferricyanide (K3Fe(CN)6), and 

hydroxylamine (NH2OH) [2.22]. In tungsten CMP, the slurry pH is usually acidic, from 2 

to 4. In the case of copper CMP, the slurry pH ranges from 3 to 6. The addition of 

complexing agents enhances the solubility of the metal and prevents the redeposition of 

the metal ions from the slurry on to the wafer surface. In cases where the oxidant-

complexing agent combination results in high static etch rates, corrosion inhibitors are 

added to protect the lower regions. 
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2.1.4 CMP Models and Mechanisms 

The CMP process provides global planarity due to the synergistic interactions between 

the chemical and mechanical effects during polishing. Although it is difficult to quantify 

the relative contribution of the chemical and mechanical effects, various qualitative 

models have been proposed to explain the chemical or mechanical effects. 

2.1.4.1 Mechanical models 

The earliest polishing model based on mechanical parameters such as relative velocity 

and load was proposed by Preston [2.23], Preston's equation relates the removal rate to 

the tangential force exerted by the pad on the sample, equation (2.3). 

RR = Kp P R^ (2.3) 

where Rv is the relative distance traveled by the wafer over the pad (As) per polishing 

time (At), P is the applied pressure (load per unit area) and Kp is the Preston coefficient. 

The proportionality constant Kp encompasses a number of parameters such as the elastic 

constants of the pad, wafer surface and abrasive material, frictional behavior, viscosity of 

the slurry, actual area of contact between pad and wafer etc. Several new models have 

been developed considering the concepts such as Young's modulus, film and pad 

hardness, and localized pressures, slurry flow, surface morphology and patterning [2.1, 

2.24, and 2.25]. Brown and Cook found that Kp had an inverse relationship with the 

modulus of polished glass material [2.26-2.28]. A detailed analysis and review of various 

models can be found in literature [2.29, 2.30]. 
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Tseng and Wang [2.31] included concepts such as particle indentation developed by 

Runnels and Eyman [2.32] and particle wafer contact area by Brown and Cook [2.28, 

2.33] and developed a comprehensive model with an equation similar to Preston. Tseng 

and Wang's analytical model is represented by the following equation, 

R R  =  K t ^ P ^ R /  ( 2 . 4 )  

The Kjw from equation (2.4) contains all the physical properties and parameters of the 

polishing system, such as particle diameter, Poisson's ratios, elastic moduli (of particle 

and film surface), polished area, and dynamic viscosity of the slurry. 

Researchers Zhao and Shi used a particle indenter model and arrived at a model given 

by the following equation [2.34], 

R R  =  K , , P | R , ,  ( 2 . 5 )  

where P^ = P'^ -

The threshold pressure (Pth) is the minimum pressure required for the particle to 

become fixed into the pad forming an indenter that acts on the wafer surface and P is the 

applied pressure. When the applied pressure was lower than the threshold pressure, the 

removal rate was minimal. Stein and Hetherington conducted a series of CMP studies 

using different slurry chemistries and oxide films to test the models proposed by Preston, 

Tseng-Wang, and Zhao-Shi [2.35], They concluded that in the case of Si02 based 

slurries, all of the above models predicted the oxide RR equally well. In the case of CeOi 

based slurries, only Tseng-Wang and Zhao-Shi models provided adequate prediction. 
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2.1.4.2 Chemical Model 

Chemical effects normally assist or enhance the mechanical action by modifying the 

surface. The intensity and the nature of chemical effects vary between oxide and metal 

CMP. In oxide CMP, the chemical effects are limited to surface modification. Oxide 

CMP is developed from the glass polishing used in manufacturing optical lenses. In glass 

polishing, the hydrolysis of the surface was found to be an important factor. It was found 

that glass polishing done in non-aqueous environments decreased the polishing 

performance and surface quality [2.36]. There was no removal when glass was polished 

with non-aqueous solvent such as kerosene. This clearly showed that the hydrolysis of the 

glass surface reduced the hardness of the surface and made it easier to polish. The oxide 

surface is hydrolyzed by water to form OH terminated surface. Depending on the pH 

conditions, the surface can be protonated to form a Bronsted acid. The importance of 

water entry in to the oxide was shown by Tomozawa et al. [2.37]. A chemical model with 

a combined effect of water and the chemical nature of the abrasive particles used was 

proposed by Cook [2.38]. He found that Ce02 based slurries had higher polish rates than 

Si02 based slurries. Cook proposed that at alkaline pH conditions =Si-0 species was 

formed due to the hydrolysis of the oxide surface. The =Si-0" reacted with the =Ce-OH 

sites of the abrasive and formed =Si-0-Ce= links. The OH~ ions attack the strained 

silicon tetrahedron bonds in the =Si-0-Ce= linkage. Finally, silicon is removed from the 

surface as a Si(OH)4 species, when all four tetrahedron bonds are broken. Researchers 

have found that the diffusion of hydrogen ions near the surface of the oxide is a factor in 

the polishing behavior of oxide films [2.38]. 
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The chemical model for metal CMP is very complex and depends on the nature of the 

metal. In general, metal CMP is based on corrosion, complexation and passivation of the 

metal when exposed to the slurry. Depending on the solution pH and the additives in the 

solution, the stability of the metal, metallic ions, metal complexes and metallic (or any 

passive layer) will change. 

Kaufman et al proposed a chemical model for tungsten CMP in ferricyanide 

(K3Fe(CN)6) based slurries based on the formation of tungsten oxide (WO3) [2.39], They 

proposed a mechanism based on a sequence of steps as shown in figure 2.3: (a) formation 

of a passive layer (WO3), (b) removal of the passive layer in the high area due to 

mechanical abrasion and (c) reformation of the passive layer in the high areas. While the 

passivation and abrasion steps are repeated in the high areas, the low areas are protected 

by the passive film which is not subjected to any mechanical action. It should be noted 

that the Kaufman model does not hold good in neutral and alkaline conditions due to the 

absence of any passive layer. Based on the pH conditions of the slurry tungsten can 

dissolve as WO4 ' ions instead of forming a passive oxide layer. 

W + 6 Fe(CN)^" + 4 H^O WO^" + 6 Fe(CN)'" + 8 (2.6) 

W + 6 Fe(CN)^" + 3 H^O -> WO, + 6 Fe(CN)^" + 6 H" (2.7) 

Tungsten passivates to form an oxide layer via equation (2.7) in acidic conditions 

while it dissolves at pH conditions above 5 according to equation (2.6). 

Although Kaufman's model was proposed for tungsten CMP, it can be applied as a 

general model for metal CMP where passivation of metal occurs. In cases where the 
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thickness of the passive layer does not account for the overall removal rates, there could 

be a combined or competitive chemical reactions taking place along with passivation. 

Kneer measured the corrosion potential (Econ) of tungsten films as a function of time 

and used it to characterize the passivation behaviors of tungsten in chemistries [2.40]. He 

found that during abrasion, the measured Ecorr became more negative showing the 

removal of a passive layer and exposure of bare tungsten metal to the chemistry. Once 

abrasion was stopped, the measured Econ became more positive showing signs of 

repassivation. 

Stein et al modeled the removal of tungsten through a surface reaction mechanism in 

iodate slurries [2.41]. They assumed that the slurry colloid had sites (S) that react with 

the tungsten surface sites (W). The sites may be active (Sa) or inactive sites (Si). The 

active sites reacted with the tungsten surface and became inactive. The slurry chemistry 

constantly converted the inactive sites to active sites. It was also assumed that the 

transport, adsorption and desorption steps were rapid compared to the surface reaction 

kinetics. They formulated representative reactions occurring at the colloid and tungsten 

surfaces and finally arrived at an equation to represent removal rate. 

(2.8) 

where [C] is the concentration of the oxidant, and be are constants which include 

the chemical and mechanical rate constants. According to the model, at low polishing 

pressure and velocity conditions, the removal rate depends on all the factors including 

pressure, velocity, colloid concentration, and oxidant concentration. At high polishing 
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pressure and velocity conditions, the removal rate was only dependent on colloid and 

slurry chemistry. 

In a different approach, metal CMP has been envisioned to occur through an erosion 

corrosion process. The erosion corrosion of metals in slurries has been discussed in 

literature [2.42]. The stress corrosion process, where mechanical cracking of metal occurs 

under a corrosive chemical condition is also proposed a model for metal CMP [2.40]. The 

models and chemistries for copper CMP will be discussed in the following sections. 
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Figure 2.3: Schematic of the mechanism for tungsten planarization: 1) Formation of 
passive layer, 2) Abrasion of passive layer in high areas, 3) Repassivation of the exposed 
tungsten metal, 4)Planarization achieved through repetitive steps. 
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2.2 Copper CMP 

The demand for faster signal propagation in integrated circuits has made copper as the 

choice of metallization. Except for the first level of metallization, where copper 

contamination of the silicon device is a serious problem, copper interconnects for power 

buses and long transmission lines have become a standard in multilevel interconnects. 

The steps involved in fabricating copper damascene structures were explained in section 

2.1. In the early stages the shrinkage in copper line width was slowed down by the 

deposition techniques. The advancement in the electrochemical deposition (ECD) 

technology with the "bottom up" and "super conformal" filling of the vias has enabled 

the filling the high aspect ratio trenches. Since CMP is the final and enabling step in the 

formation of the damascene structure, planarization of these fine copper structures is 

critical. The development of copper CMP processes began in the early 1990s [2.43, 2.44]. 

Even though the technology to planarize metals such as tungsten and aluminum by CMP 

was mature before the use of copper, copper CMP presents different types of challenges. 

The hardness of copper (1- 3 GPa) is between that of tungsten and aluminum [2.45]. 

Copper is chemically active and electrochemically more noble than tungsten and 

aluminum. These are important factors that differentiate the behavior of copper from 

tungsten and aluminum during CMP. 

A typical copper deposition and CMP process involves various stages as shown in 

Figure 2.4. Initially, copper is electrodeposited in vias and trenches created in a dielectric 

layer such as SiOj. Prior to electrodeposition, a thin (~500 A) diffusion barrier layer such 

as Ta and a copper seed layer (~ 1000 A) are deposited in the trenches and vias. Copper 
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electro deposition fills the trenches and vias and leaves an overabundance of copper (step 

1). The excess copper is first removed by CMP process (step 2). The next step is to 

remove the barrier layer and stop on the dielectric layer (step 3). An additional over 

polish step is often included to ensure all the copper and barrier metal is cleared from the 

dielectric surface. During the removal of barrier layer it is very important that the 

removal rate of copper is significantly reduced. When all steps are successfiilly 

completed, the resulting structure would contain copper vias or lines in a dielectric 

matrix. 

During the polishing of the bulk copper (1®' step of polishing), removal rates as high as 

6000 to 8000 A/min have been obtained using various chemistries. The removal of the 

bulk copper exposes the underlying tantalum barrier in the filed areas. In the second 

polishing step, copper and tantalum have to be ideally removed at 1; 1 selectivity to obtain 

a planarized surface at the end of the CMP process. 
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Figure 2.4: Formation of copper interconnect structures. (1) Electrodeposition of copper 
to fill vias and trenches. (2) Bulk copper removal. (3) Barrier metal removal. 
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2.2.1 Models for copper CMP 

Preston's equation was used to model copper CMP in an early attempt. Detailed 

copper polishing studies conducted in ammonium hydroxide slurries showed that polish 

rate behavior was in agreement with the Preston's equation at lower velocities and 

pressures but deviated at high velocities and pressure [2.46]. This suggests the presence 

of an abrasion rate limited regime and a chemical rate limited regime and Preston's 

equation was not applicable to copper CMP. 

Steigerwald proposed a model for copper CMP based on Kaufman's tungsten CMP 

model, where the metal forms an oxide layer. The oxide layer is mechanically abraded 

exposing the bare metal to the slurry. The slurry chemicals then attack the exposed metal 

to fomn oxide, which will again be abraded mechanically. The model states that, removal 

of Cu during CMP is controlled by a two step process [2.47]. The steps are, i) Mechanical 

abrasion of copper surface (copper or copper oxides) followed by, ii) Removal of abraded 

material from the vicinity of copper surface. According to the above mechanism, the 

removal rate is controlled by the abrasion of the copper surface. The only scenario where 

the second step (removal of the abraded material from the vicinity) controls the removal 

rate is when redeposition of the abraded material occurs. 

The growth rate of copper oxide in hydrogen peroxide chemistry was measured as a 

function of time and peroxide concentration through electrochemical methods and 

compared with the removal rates obtained under similar chemical conditions [2.48]. It 

was found that the removal rates were much higher than the oxide growth rates 

suggesting that the oxide abrasion alone does not account for the total removal rate. For 



48 

example the oxide growth rate in 3M hydrogen peroxide solution at pH 6 was 

approximately 10 A/min while the removal rates obtained in a small scale polisher was 

80 A/min. The removal rates in a commercial CMP tool under the same chemical and 

load conditions would be much higher. This clearly shows that the mechanism proposed 

by Steigerwald does not hold well in all chemical conditions. It should be noted that the 

oxide growth rates reported were based on long term kinetics (above 10 minutes) and 

there is no data available about the short term or instantaneous growth rates as it would 

happen in a CMP condition. 

In copper CMP processes using fixed abrasive pads where there is a formation of the 

surface layer, either an oxide or copper-organic complex (Cu-BTA), researchers have 

used the fretting corrosion model [2.48]. Fretting corrosion is described as the relative 

slip between two surfaces pressed against each other, where the slip is cyclic nature 

[2.49, 2.50]. Due to the surface slip the surface of the interface is damaged. The contact 

between the surfaces is not uniform across the whole surface area but limited to 

protrusions on the surface called asperities [2.51]. The CMP process can be viewed as a 

fretting corrosion between the asperities on the pad and the topography on the wafer 

surface. The major difference is that the CMP process uses aqueous chemistries along 

with mechanical action. The equation for fi^etting corrosion is given by [2.52], 

where W/C is the weight loss of copper per cycle, L is the load, / is the slip (equal to 

half distance traveled in one cycle) and/is the frequency of the oscillation motion. The 

(2.9) 
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fretting constants ko and k; are related to the chemical factors such as oxide formation and 

the constant k2 is related to the mechanical factors. The value of these has been 

empirically obtained for the hydrogen peroxide (with and without citric acid) system but 

has not been validated in other chemical systems. It was found that the constants ko and kj 

increased with dissolution rate while the constant k2 was significant at high relative 

velocities. 

Babu and coworkers proposed a removal mechanism which is also an extension of 

Preston's equation [2.53]. They used two different slurries: 1) a commercial slurry and 2) 

5% alumina slurry with O.OIM Fe(N03)3 and 0.005M BTA. The removal rates as a 

function of table speed and down pressure are shown in figures 2.5a and 2.5b. A non-zero 

intercept was observed for a best fit in both cases due to the chemical effects. The 

proposed extension fro the Preston's equation is given as, 

RR = {KP + B)V + RC = KPV + BV + RC (2.10) 

where P is the pressure, v is the velocity, K and B are constants associated with 

pressure and velocity. The constant Rc represents the removal/dissolution rate solely due 

to chemical effects without any abrasion. The value of Rc was determined from the 

intercept of each linear least square fit line and it is evident that the value of Rc depends 

significantly on the slurry chemistry. 
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2.2.2 Chemistries for copper CMP 

Slurries for copper CMP invariably contain an oxidant. The oxidant reacts with the 

copper surface and produces a variety of products ranging from surface 

oxides/hydroxides to soluble species such as cupric or cuprous ions. Some of the 

important chemistries and their effects on copper CMP are discussed in the following 

sections. 

2.2.2.1 Nitric acid, Ammonium salts and Ferric salts based chemistries 

Nitric acid is a well known etchant for copper. Early copper CMP slurries consisted of 

nitric acid (HNO3) based chemistries in which removal rates of approximately 4,000 

A/min were obtained [2.46, 2.54]. The potential-pH diagram of copper shown in figure 

2.6 predicts the formation of cupric ions at acidic pH conditions [2.55, 2.56]. XPS 

analysis of copper films polished in 1 vol% HNO3 slurries indicate the absence of any 

surface films, which agrees with the potential-pH diagram [2.46]. The static etch rates 

and polish rates of copper as a function of nitric acid concentration are shown in figure 

2.7 [2.57]. Though the static etch rates increase with the oxidant concentration, the polish 

rates are much higher than the etch rates. Carpio et al found that the potentiodynamic 

polarization of copper surface in nitric acid slurries with and without abrasion did not 

show any difference in the corrosion current and potential [2.56]. They concluded that the 

dominant removal mechanism was mechanical abrasion of the surface followed by the 

chemical dissolution of the abraded surface. 
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Copper polishing with alkaline CMP slurries containing NH4OH (pH ~ 11) has been 

shown to provide a removal rate of approximately 1,500 A/min. The potential-pH 

diagram of copper with addition of NH3 in the system is shown in figure 2.8. The 

diagram was constructed with copper activity of 10'^ and [NH3] activity of 0.1. In this 

copper-ammonia-water system, many types of copper-amine complexes are predicted to 

form. The diagram shows that near neutral and alkaline conditions, copper is only stable 

74-
in the form of copper-amine complexes, Cu(NH3)x (where x = 1 to 4). In more reducing 

conditions, Cu(NH3)2^ may exist as well. CMP slurries in extreme alkaline condition are 

not recommended due to their lack of selectivity between copper and ILD material such 

as silicon dioxide [2.58]. Instead of ammonium hydroxide, ammonium salts such as 

ammonium nitrate and sulfate (NH4NO3 and (NH4)2S04) can be used in slurries to polish 

copper in near neutral conditions [2.59]. The use of ammonium salts provides the 

complexing abilities of NH3 while being able to operate at mildly alkaline conditions. 

Both ammonium hydroxide and ammonium salt based slurries show very small static etch 

rates but provide very good polish rates. 

Other salts such as Fe(N03)3 and Fe(CN)6 " are used as oxidants by themselves or in 

conjunction with ammonium based slurries. The reduction potential of Fe^"^/Fe^^ couple is 

7-1-
higher than the Cu /Cu couple and hence oxidizes copper. Ferric nitrate (Fe(N03)3) 

based slurries were found to have a higher oxidizing ability than the hydrogen peroxide 

slurries [2.60]. It was conjectured that the presence of NO3" provided additional oxidizing 

ability to the ferric nitrate system. 
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2.2.2.2 Hydrogen peroxide based chemistries 

Hydrogen peroxide (H2O2) is the most common oxidant in slurries used for copper 

CMP. Hydrogen peroxide is a weak acid which decomposes in water even at room 

temperature. The oxidation power of hydrogen peroxide is shown in the following 

reactions [2.61]. 

H 2 O 2 + 2 H ^ + 2 e ~  ^ 2 H 2 0  E ' ' = 1 . 7 3 V  ( 2 . 1 1 )  

H 2 O 2 + H ^ + e "  ^ • O H  +  H ^ O  E ° = 1 . 1 4 V  ( 2 . 1 2 )  

According to equations (2.11) and (2.12), peroxide acts as an oxidizing agent by 

accepting one or two electrons in acidic conditions. The hydroxyl radical formed in the 

second case can further act as an oxidant. 

The copper removal rate in peroxide based slurries depends on peroxide level and pH 

conditions of the slurry [2.62, 2.63]. The dissolution rates of copper in hydrogen peroxide 

tend to fall with increasing pH and there is no dissolution above pH 6 [2.48], This agrees 

with potential pH diagram discussed in figure 2.6, where copper forms a passive oxide at 

neutral and alkaline pH conditions. It is well established in literature that, copper forms 

an oxide layer in the presence of peroxide at neutral and alkaline pH conditions. Without 

a passive oxide, unwanted dissolution of copper can occur, creating defects such as 

recession, which result in loss of surface planarity. Normally, peroxide based slurries 

contain some complexing agents to increase the removal rates. A four-fold increase in 

copper removal rate occurred when complexing agents, such as glycine, citric acid, 

phthalate, and others were added into the slurries [2.64, 2.65]. The electrochemical 



behavior of copper in hydrogen peroxide slurries was studied by Du and coworkers 

[2.66], They found that the copper CMP removal rate reaches a maximum at 1% H2O: 

concentration and then decreases with a further increase in H2O2 concentration in acidic 

slurries ~ pH 4. At low peroxide concentrations, the removal of copper during CMP was 

controlled by electrochemical dissolution and at high peroxide levels the removal rates 

was controlled by the mechanical removal of copper oxide and its subsequent dissolution. 

Hariharaputran et al studied the role and formation of hydroxyl radicals in copper 

polishing with hydrogen peroxide slurries [2.67]. The authors found that hydroxyl radical 

was produced in peroxide based slurries containing amino acids and the hydroxyl radical 

was a more powerful oxidant than the peroxide. Copper polishing experiments conducted 

in a small scale polisher by Huang and co-workers using a fixed abrasive pad in hydrogen 

peroxide chemistry showed that the removal rates decrease with increasing pH (figures 

2.9a and 2.9b [2.68] ). They also quantified the particulate generation during polishing 

and concluded that the particulates were abraded copper oxide. The chemistry with citric 

acid had the extremely low or no particulates due to complexing ability of citric acid. The 

trend in removal rate was also different from those obtained with a conventional pad-

slurry system due to the difference in the mechanical interaction between the fixed 

abrasive pad and copper surface. The major problem with the hydrogen peroxide based 

slurries is the very low pot life due to constant decomposition of peroxide. 



Figure 2.9; Removal rates of copper (squares) and turbidity (circles) in 1.2 M peroxide 
based chemistry a) without citric acid and b) with 0.0IM citric acid as a function of pH 
[2.68], 
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2.2.2.3 Hydroxylamine based chemistries 

Hydroxylamine (NH2OH) based slurries are recently being used for copper CMP 

[2.69-2.73]. Hydroxylamine tends to function as an oxidizing agent at acidic pH values 

and as a reducing agent at alkaline pH values [2.74]. Hydroxylamine is a weak base and 

is characterized by a pKb of 8.2. The dissociation reactions for hydroxylamine are as 

follows: 

NH30H^<—^-NHjOH + H^ Ki= 1.58x 10"' '  (2.13) 

NH20H<—^NH^O +H^ K2= 1.99x 10"'^ (2.14) 

Figure 2.10 shows the potential-pH diagram of hydroxylamine water system. The 

species considered in constructing the hydroxylamine-water diagram were NH2OH, 

NHsOH^, NOs", HNO3, NO2 , and HNO2. (Because of the higher thermodynamic 

stability of the ammonia species as compared to the hydroxylamine species, if the 

ammonia species, NH3 and NH4^, were considered in the construction of the diagram, 

they would replace the stability fields of NH2OH, NHsOH^.) The diagram was generated 

using the mass balance method, i.e., the total concentration of the nitrogen-based species 

was set to 0.5M and a mass balance determined the activity of the individual aqueous 

species. It may be noted that the hydroxylammonium cation (NHsOH^) is stable in acidic 

conditions and can be oxidized to nitrite/nitrous acid (NO2/HNO2). Based on the 

reduction potential of the HN02/NH30H^ couple, NH30H^ is not likely to oxidize copper 

to cupric ion under acidic conditions. Both nitrous acid and nitrite can oxidize copper in a 

wide range of pH values. The E-pH relations for the reduction of NH30H'^ to NH4^ and 
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NH2OH to NH3 are plotted as dotted lines in the diagram, since ammonia species were 

excluded from the calculations. The possible oxidation and reduction paths of 

hydroxylamine in both acidic and basic conditions are shown in figure 2.11. 

Copper dissolution rates in 0.5M hydroxylamine solution at different pH values are 

shown in figure 2.12 [2.75]. The dissolution exhibits a distinct maximum in the vicinity 

of pH 6. The figure also shows the speciation of hydroxylamine as a function of pH. It is 

interesting that the maximum dissolution rate of copper occurs at a pH value very near 

the pKa of hydroxylamine where the NH20H/NH30H^ ratio is unity. Hydroxylamine 

forms 1:1 and 1:2 complexes with cupric ions. Thus hydroxylamine (and its salts) can 

function as both an oxidant and a complexant, eliminating the need for the use of an 

additional complexant in polishing slurries. Copper removal (polishing) rates as high as 

of 4000A/min have been obtained using hydroxylamine based silica slurries at pH 6. 



60 

Figure 2.10: Potential-pH diagram of hydroxylamine-water system. (Activity of 
NH20H/NH30H^ is 0.1) 
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To explain the strong pH dependence of the dissolution of copper in hydroxylamine 

system, it is important to understand the redox reactions that can take place in the system 

at different pH values. Huang and coworkers proposed a mechanism based on 

disproportionation reactions (auto oxidation and reduction) of hydroxylamine to produce 

NH4^ (reduced form) and Ni, N2O, and NOi" (oxidized forms) [2.75]. The decomposition 

and overall disproportionation reactions, listed below, are also strongly dependent on pH, 

favored by alkaline conditions and retarded in acidic conditions. 

Oxidation/Reduction reactions: 

N H j O H  +  S H ^ + 2 e - ^  N H 4 ^ + H 2 O  = 1 . 5 1 8  V  ( 2 . 1 5 )  

NHjOH + HjO-^NOj +5H^+4e- EV=-0.591V (2.16) 

2 N O 2  + 6 H ^ + 4 e "  ^  N 2 O  +  3 H 2 O  = 1 . 4 0 7  V  ( 2 . 1 7 )  

2 N O 2 " + 8 H ^ + 6 e - ^  N j + 4 H 2 O  E ° , e r f  = 1 . 5 2 7  V  ( 2 . 1 8 )  

Overall disproportionation reactions: 

From (2.15) and (2.16) 

SNHjOH + H^ ^2NH4^+NO2"+H2O E^ =2.441 V (2.18) 

From (2.15), (2.16) and (2.17) 

4NH,OH + 2H^ ^2NH/+N20 + 3Hj0 E°=3.259V (2.19) 

From (2.15), (2.16) and (2.19) 

SNHjOH + H^-»NH/+N2+3H2O E° =1.861 V (2.20) 
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The dissolution of copper was envisioned to take place in three steps: 1) formation of 

nitrite from hydroxylamine through disproportionation (and aided by the catalytic effect 

of cupric ions, if available), 2) oxidation of copper by nitrite and 3) complcxation of 

copper ions. 

The variation in dissolution with pH can be explained based on the above steps as 

follows. In the pH range very close to 6, a small amount of copper is solubilized and the 

dissolved copper enhances the formation of nitrite and hence the dissolution of copper 

metal. In acidic conditions, the decomposition reaction is limited due the reduced 

concentration of NH2OH species as well as higher stability of the protonated form of 

hydroxylamine. In the alkaline regions the decomposition of hydroxylamine produces 

nitrite ions, but hydroxide ions are likely to compete with hydroxylamine for 

complexation of cupric ions. Under this condition, the formation of copper oxide rather 

than copper hydroxylamine complexes is more favorable and the rate of dissolution will 

be limited by the solubility of copper oxide in hydroxylamine. 

A free radical based dissolution mechanism of copper in hydroxylamine has been 

proposed by Carter and Small [2.76]. Using electron spin resonance (ESR) technique, the 

researchers found that when sulfuric acid was used for pH adjustments, (HS03)2N0* free 

radicals were generated. They proposed that the free radical caused oxidation of copper 

via a catalytic mechanism. The oxidant becomes available (replenished) in controlled 

amounts as it is being consumed during the metal removal step. 

Huang performed a series of electrochemical measurements and capillary 

electrophoresis analysis on the copper hydroxylamine system [2.77]. The electrochemical 
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polarization of copper at pH 6 showed that the oxidation reaction is dependent on 

hydroxylamine concentration while the reduction reaction was not. The oxidation 

reaction is due to the oxidation of copper followed by hydroxylamine complexation. 

Voltammetry studies showed a reduction peak of NO to NO" at -0.5V. The presence of 

NO in hydroxylamine solution is due to the auto-oxidation/reduction reactions of 

hydroxylamine. Huang proposed that the reduction of nitric oxide (NO) to hyponitrous 

(H2N2O2) via nitroxyl (HNO or NO ) intermediate at pH 6 was responsible for oxidation 

of copper. Using capillary electrophoresis chromatography it was determined that the 

reduction of NH2OH to NH4^ did not occur to any significant extent. 

Copper dissolution experiments conducted in hydroxylamine solutions at pH 6 

revealed that the dissolution reaction was first order with respect to hydroxylamine 

concentration. The rate constant k was estimated to be 109.6 nm min"' mol"' [2.75]. 

Experiments performed using a copper rotating disc electrode showed that copper 

dissolution was a function of the square root of sample rotational speed. Using a rotating 

disc electrode, Osseo-Asare and Al-Hinai found a similar relationship at pH 6 [2.78], 

From the Arrhenius plot of etch rate vs. temperature, the activation energy (Ea) was 

determined to be 23.8 kJ/mole. The activation energy for diffusion controlled reactions 

involving neutral molecules in aqueous solutions is approximately 18 kJ/mol. The 

activation energy calculated from experimental data was slightly (~ 4 kJ/mol) higher 

than this value. From the higher value of activation energy and the dependence of 

removal rate on square root of rotational speed, the researchers concluded that the 

dissolution was under mixed control (activation and diffusion). 
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The high static etch rates provided by the hydroxylamine chemistry is also a drawback 

in a CMP process. High static rates would cause the low area of copper to etch faster and 

planarity cannot be achieved. Also during last stages of CMP, it is important that the 

static etch rate of copper is kept very low to preserve the planarization achieved in earlier 

steps. This has to be done through the modulation of the chemistry by adding proper 

inhibitors. 

2.2.3 Electro-chemical mechanical planarization (ECMP) 

Electrochemical mechanical polishing is a recent development in the chemical 

mechanical planarization technology. In an ECMP process, copper film on the wafer is 

polarized anodically by an applied voltage while a pad makes mechanical contact with 

the copper surface [2.79 - 2.81]. The pad contact creates very low or near zero downforce 

(< 0.3 psi) such that the copper film does not delaminate fi'om the underlying low-k film. 

This also minimizes dishing that is common in a conventional CMP process. The applied 

charge controls the amount of copper that is electrochemically converted to copper ions 

and removed from the copper surface. The low-lying areas of the film are protected by a 

passive layer while the higher features are planarized. Any passivation of the higher 

features is removed by the pad contact. Typical slurry used for ECMP contain only 0-

0.5% of abrasive particles. 

An advantage of ECMP is that it allows modification of the polish recipe based on the 

thickness profile of the incoming wafer as well as precise end point detection based on 

the total charge. The applied charge is controlled by an independent electro-chemical 



66 

zone system such that the charge at different portions of the wafer can be varied. By this 

method an effective profile control is obtained such that the edge removal is faster or 

slower than the center. The ECMP process leaves a thin, planarized copper layer. The 

remaining copper and barrier are removed in subsequent CMP steps. 

2.2.4 Defectivity issues 

Copper CMP has to achieve planarity with minimal loss to the cross sectional areas of 

the features. The final stage of polishing called the "overpolish" step involves polishing 

of metal and the dielectric to ensure that the metal is completely removed fi"om the 

insulator areas so that the metal lines are not short circuited. During this step certain 

defects such as metal dishing and oxide erosion occur due to a combination of the pattern 

geometry and mechanical effects. 

Conductor or metal dishing is defined as the difference in elevation between the metal 

and the surrounding insulating/oxide layer as shown in figure 2.13. Dishing normally 

occurs in wide metal lines and in areas of low pattern density due to bending of the 

polishing pad. Several researchers have developed models to explain the phenomenon of 

dishing. Steigerwald et al proposed a pad deflection model including the effects of pad 

compressibility and roughness [2.82]. 

Yang and coworkers developed a quantitative model based on the Prestonian analysis 

of the removal rates of the low and high metal features [2.83]. The results calculated from 

the model were in agreement with the experimental data for a range of line widths and 

overpolish conditions. The above models and work by other researchers conclude that the 
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pad stiffness and roughness are the major contributing factors for dishing. Stiffer pads 

with pad surface roughness of the order of the feature sizes tend to reduce dishing. 

Oxide erosion is a phenomenon closely related to dishing. Erosion is defined as the 

loss of the oxide (insulating material) embedded in an array of closely packed conductor 

lines. Hence erosion occurs at area with high pattern density as shown in figure 2.13. 

Yang's extended dishing model predicts oxide erosion as a function of pattern density 

and overpolish time [2.83]. Interestingly, the hard pads which are used to reduce dishing 

defects increase erosion due to their high oxide polish rates. The solution is to use hard 

pad in conjunction with slurry that has a higher removal rate for copper than the oxide. 
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Figure 2.13: Schematic illustration of oxide erosion and metal dishing during overpolish 
conditions. 
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2.2.5 Corrosion issues 

2.2.5.1 Photocorrosion 

The use of copper in the first level of metallization just above the silicon devices 

causes corrosion of specific areas. The copper line connected to the p-tj^je silicon 

exhibits corrosion while the copper connected to the n-type silicon is protected or has 

copper deposition occurring on it as shown in figure 2.14. The corrosion process is 

induced by the light that is transmitted through the silica dielectric on to the devices and 

is aptly referred to as photocorrosion [2.84, 2.85]. The mechanism of photocorrosion can 

be explained as follows. The illumination of a p-n junction results in the generation of 

electrons and holes. The light source behaves as a switch and activates the junction. The 

electric field present at a p-n junction drives the holes into the p-region and electrons into 

the n-region. This would make the copper connected to the p-silicon area anodic with 

respect to the copper connected to n-silicon. Corrosion occurs when the two copper 

features are covered with an aqueous solution with some ions in them. When there are 

copper ions available in the solution near the cathodic area, copper deposits forming 

small bumps or dendrites. 

Beverina and coworkers identified the presence of copper photocorrosion during the 

post CMP cleaning process [2.84]. The post CMP clean conditions are similar to the final 

stage of CMP where the metal lines are separated after the bulk copper is removed. The 

corrosion of the copper connected to p-region and copper deposition on the copper lined 

connected to the n-region can be clearly seen in the SEM image shown in figure 2.15. 

The formation of copper dendrites is detrimental to the circuits as they can short the 
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adjacent copper lines as shown in the figure. Yoshio and coworkers studied 

photocorrosion of copper during CMP process [2.85]. They found that the onset of 

photocorrosion began only after the barrier layer was completely removed and the metal 

lines were separated. The extent of photocorrosion was dependent on the intensity of the 

light. The addition of inhibitors such as BTA offered protection to photocorrosion but 

were ineffective at higher light intensities. Overall the best method to avoid 

photocorrosion was to perform CMP under dark conditions, but it is not suitable for 

manufacturing conditions. Unfortunately information on the wavelength dependence of 

photocorrosion is not available in literature. 
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Figure 2.14: Schematic representation of photocorrosion of copper lines during CMP and 
post CMP cleaning. 

Figure 2.15: SEM image showing corrosion of copper connected to the p-region and 
copper dendrites in the n-region [2.84]. 
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2.2.5.2 Static etching 

In copper CMP, planarization is achieved by polishing the higher area while the low 

areas remain intact. The reduction of topography by planarization in an ideal 

condition/chemistry is shown in figure 2.16. Mi is the height of the metal on the 

dielectric feature and M2 is the height of the metal in the trench. As polishing proceeds 

Ml is reduced considerably while M2 remains constant or with very little decrease. 

Finally, Mi becomes equal to M2 and planarization is achieved. This behavior is common 

in slurries containing oxidants which cause passivation [2.59, 2.62, 2.63, and 2.66]. This 

is not true when certain oxidants (such as hydroxylamine) which cause copper dissolution 

are used. 

Figure 2.17 shows the change in topography of copper when it is polished with an 

aggressive chemistry. As polishing proceeds the height Mi of the metal area on the 

dielectric decreases due to a combined chemical and mechanical effect, but the height of 

the low lying area M2, which is free from pad contact, also decreases. This is due to the 

chemical dissolution of copper known as static etching. If polishing continues, by the 

time Ml is reduced the metal in the low area would recess below the oxide step height. 

Nitric acid based acidic slurries with polish rates of 1.8 )xm /min had static etch rates of 

0.9 [j,m/min (figure 2.7). In such a condition, static etching could pose problems in CMP. 

Static etching would not affect the planarity when the ratio of polish rate to etch rate is 

high, but a high static etch rate could pose problems once the polishing is stopped. The 

slurry left on the wafer surface could continue to attack the copper in the duration 
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between CMP and post CMP clean steps. Static etching is controlled by the use of 

inhibitors which protect the metal surface from chemical attack. 
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Figure 2.16: Reduction in topography during CMP without high static etching, 
is removed while the low area is intact. 
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Figure 2.17: Schematic of change in topography during polishing in chemistry with 
static etch rate. Lack of planarity due to static etching. 
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2.2.5.2.1 Corrosion inhibitors for copper 

Benzotriazole (BTA, C6H5N3) is a well known corrosion inhibitor for copper in 

various applications in a wide range of environments. It is widely used as an additive in 

slurries for copper CMP [2.47, 2.57, 2.86, and 2.87]. The interaction of benzotriazole 

(BTA) with copper has been studied extensively [2.88, 2.89]. It is generally accepted that 

BTA (as well as BTA' ion) chemisorbs on the copper (as well as cuprous oxide) surface 

and forms an insoluble cuprous surface complex. Under certain conditions, the formation 

of a thick, multilayered coating has been confirmed [2.89]. Notoya and coworkers 

performed secondary ion mass spectroscopic (SIMS) analysis on copper samples treated 

with BTA at different pH conditions [2.90]. They found positive ion fragments of Cu-

BTA complex such as [Cu2(C6H4N3)]^ [Cu3(C6H4N3)2]^, [Cu4(C6H4N3)3]^ and 

[CU5(C6H4N3)4]^, and negative ion fragments such as [Cu(C6H4N3)2]', [Cu2(C6H4N3)3]" 

and [CU3(C6H4N3)4]' in neutral pH conditions. Only the shorter ion fragments such as 

[Cu2(C6H4N3)]^, [CU3(C6H4N3)2]^ and [CU(C6H4N3)2]" were found at acidic and alkaline 

pH conditions. Although BTA has been used in CMP slurries for a while, its 

effectiveness in protecting copper in a hydroxylamine-based system has not been 

reported. 

Hydroxamic acids, which are synthesized by the reaction of an ester with 

hydroxylamine in alkaline solutions, are known to chelate cupric ions very strongly. 

Depending on the type and length of the organic chain, the stability constant of the 

8 14 chelates could be in the range of 10 -10 . Octylhydroxamate has been reported to be a 
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good inhibitor for copper corrosion in acidic sulfate solutions [2.91]. The ability of 

hydroxamic acids in the presence of hydroxylamine has not been tested. 

2.2.5.3 Galvanic corrosion 

Galvanic corrosion occurs when two dissimilar metals (metals with different 

electrochemical potential) are in electrical contact and exposed to an electrolyte solution. 

The metal with more noble potential behaves as the cathode and gets protected while the 

active metal behaves as the anode and suffers corrosion. Schematic polarization 

behaviors of two metals 1 and 2 are shown in figure 2.18. From the open circuit 

potentials it can be clearly seen that metal 1 is nobler than metal 2. When these two 

metals are electrically connected to form a galvanic couple, the coordinates of the 

intersection of the cathodic portion of polarization curve of metal 1 and the anodic 

portion of the polarization curve of metal 2 gives the galvanic corrosion potential (Eoai) 

and current (loai)- It must be noted that the active metal corrodes at a faster rate while the 

noble metal is protected. 

Metallization schemes used in integrated circuit fabrication involve the use of 

dissimilar metals in contact with each other. As discussed earlier, formation of copper 

lines involves the use of thin barrier layers of Ta, TaN, and Ti etc. During copper CMP, 

once the bulk copper is removed and the barrier is exposed, the Cu/Barrier galvanic 

couple is exposed to the slurry and may suffer galvanic corrosion. The ratios of the 

exposed areas of the individual metals would play a major role in determining the 

severity of the corrosion. When the bulk of copper is removed and barrier metal is just 
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exposed to the slurry, the area of the barrier metal is larger than that of copper, but as the 

barrier is removed and the dielectric is exposed, the area of copper becomes significantly 

larger than that of the barrier. Due to this area effect a very high galvanic corrosion 

current density may be experienced by the barrier metal. The resulting current flow 

between copper and the barrier may cause removal of material at the edges of the anodic 

metal and cause deposition of any copper ions present in the slurry on the cathodic metal 

leading to dendrite formation. 

Literature contains several reports on galvanic corrosion in copper CMP. Brusic et al 

have predicted the likelihood of galvanic corrosion between Ta and Cu immersed in 

aqueous solutions at different pH values, under static conditions, using polarization 

curves [2.92], Tai et al. investigated the extent of galvanic corrosion between Cu and four 

different barrier materials, Ta, W, WN, and TaN [2.93]. The galvanic corrosion density 

followed the order Cu/W> Cu/WN >Cu/TaN >Cu/Ta and were in the range 32-2 )aA/cm^. 

Unfortunately, this reference does not provide any details on the chemistry and pH of the 

system. Direct measurement of galvanic corrosion current density between copper and 

various barrier metals including Ta in a variety of chemical systems has been reported in 

literature [2.94, 2.95]. In all the above mentioned reports, the extent of galvanic corrosion 

was either estimated through electrochemical polarization or measured directly under 

static (non abrasion) conditions. Since Ta passivates instantly in many chemistries, it is 

necessary to use polarization curves or direct measurement obtained during the abrasion 

of samples to predict galvanic corrosion during the barrier removal step. 
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Figure 2.18: Schematic polarization curves of two metals (1 and 2) and the estimated 
galvanic potential and current when the metals form a galvanic couple. 
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2.3 Environmental issues - CMP waste treatment 

The widespread use of CMP process in a fabrication plant increases the demand for 

ultra pure water for slurry dilution, cleaning, and rinsing wafers. When added together, 

CMP and post CMP cleaning operations account for almost twenty five percent of the 

total water usage in semiconductor fabrication plants [2.96], The waste water generated 

from CMP is expected to reach 450 million gallons by the year 2006. A multi-platen, 

multi-carrier copper polisher integrated with a cleaning tool may generate 10 to 20 liters 

per minute of wastewater containing 500 to 1000 mg/L of total suspended solids (TSS), 

100 to 400 mg/L of total dissolved solids (TDS), and 5 to 15 mg/L of copper ions [2.96]. 

To comply with environmental regulations, in most instances CMP wastewater must be 

treated to reduce TDS levels below 300 mg/L and copper levels below 1.0 mg/L. The 

regulations on the allowed discharge limits tend to vary from one geographical location 

to another. Table 2.3 lists the permitted discharge limits of copper and solids at various 

locations in the world [2.97]. 

The current method for treating CMP wastewater involves: 1) coagulation/flocculation 

of suspended solids; 2) filtration of flocculated solids; 3) ion-exchange treatment of the 

filtrate to remove Cu^"^ ions; and 4) regeneration of the ion exchange resins. Although 

this treatment train is able to achieve the required levels of waste removal, the process is 

expensive, and the coagulation step puts additional chemicals into the water and may also 

incorporate copper into the solid waste, which may then require disposal as a toxic 

substance [2.98]. Additionally, regeneration of the spent ion exchange resins produces a 

secondary waste stream that requires further treatment or disposal. Drawbacks of the 
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current treatment train for CMP wastewater also include the inability to treat very dilute 

waste streams. 

2.3.1 Electrochemical treatment 

Electrochemical methods provide an alternate way to treat copper CMP waste water. 

Cathodic electrodeposition may be used to remove Cu^"^ ions and anodic oxidation may 

be used to remove corrosion inhibitors and organic complexing agents. Suspended solids 

may be removed via filtration after coagulation is induced by the acidic environment 

generated by the anodic reactions of water and organic compound oxidation. Optimizing 

an electrochemical treatment process requires minimizing unwanted side reactions that 

decrease the Faradic current efficiency, which is defined as the fraction of the overall cell 

2"^ current going towards the desired reactions of Cu reduction and organic compound 

oxidation. At the cathode, the side reactions of water and oxygen reduction will compete 

with copper deposition. At the anode, water and electrolyte oxidation will compete with 

organic compound oxidation. These side reactions place constraints on choosing suitable 

electrode materials. 



Table 2.3: Regulations on copper and solids discharge limits at various geographical 
locations worldwide [2.97]. 

Region (Cit^- and State) Copper Discharge Limits Total Suspended 
Solids (TSS) Limits 

Instant Daily Max Daily Max 
(nig/I) Lbs/dav , . . 

Santa Clara. California 0.4 None 
Sunn>'vale, California None None 
Austin. Texas 0.5 300 mg/1 
Dallas. Texas None None 370 pounds 
Orlando, I'lorida 0.2 None 10 mg,/| 
Burlington. Vermont None 9.76 10 mg/1 
Portland, Oregon None 5 None 
Niijmcgcn. Holland 0.06 0.346 None 
Crollcs. France 0.1 None 11 pounds/day 
Narita, .lapan None 40 mg/'l 
H.schin-Chu. Taiwan None 300 mg/1 
Germany 0.5 None None 
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2.3.1.1 Boron doped diamond electrodes 

Boron-doped diamond (BDD) films on metallic, and semi conducting substrates are 

becoming increasingly utilized as electrodes for wastewater treatment [2.99- 2.101]. Due 

to the chemical inertness of diamond, BDD film electrodes are not catalytic for either 

hydrogen or oxygen evolution [2.102, 2.103]. Therefore, they have a wide potential 

window from -1.75 to 2.0 V vs. SHE (window of 3.75 V) where neither water reduction 

nor water oxidation occurs at appreciable rates. This feature minimizes undesirable side 

reactions, and allows the electrodes to be used at potentials where excessive O2 or H2 

production would interfere with the desired anodic and cathodic reactions. 

The BDD films are often prepared on p-silicon substrates that have been polished with 

a diamond containing paste, and thereby contain adsorbed diamond crystals to serve as 

nucleation sites. Microwave radiation or a hot filament is used to decompose a low 

pressure (<100 Torr) gas mixture of methane and hydrogen [2.104 - 2.106]. Upon 

decomposition, the methyl and atomic hydrogen radicals chemisorb at the nucleation sites 

and propagate growth of the film. Boron doping is often accomplished by adding trace 

amounts of BiHe to the seed gas mixture. The boron atoms substitute for carbon in the 

diamond lattice at parts per million levels, and serve to increase the electrical 

conductivity of the diamond film. The resulting films are polycrystalline as shown in 

figure 2.19 and may have resistivity as low as < 0.1 Q-cm [2.107]. Other substrate 

materials, including metals and graphitic carbon may also be used as substrates for the 

BDD films. At present, commercially available BDD electrodes cost several thousand 

dollars per square meter of electrode. 



Figure 2.19: SEM image of boron doped diamond film showing polycrystalline grains. 
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3 METHODS AND MATERIALS 

3.1 Theoretical methods 

3.1.1 Potential-pH diagrams 

Potential-pH diagrams were constructed using a software program called STABCAL 

[3.1]. The standard free energy of formation of glycine, citric acid, and hydroxylamine 

were obtained from the literature. However, the standard free energy values of 

benzotriazole (BTAH), 5-nitrosalicylic acid (NSA), 3, 5-dinitrosalicylic acid (DNSA), 

salicylhydroxamic acid (SHA), and acetohydroxamic acid (AHA) as well as their 

respective copper complexes were not available in the literature. The free energy value of 

BTAH, NSA, DNSA, SHA, and AHA were estimated by the group contribution method 

[3.2, 3.3]. To estimate the free energy value of a particular compound by the group 

contribution method, it is first broken in to various functional groups each of which has 

an assigned free energy contribution value. The values for the groups are added to a base 

value (constant origin) of-23.6 kcal/mole. If a group occurs several times within the 

compound, then its contribution is multiplied by the number of occurrences. In this 

method, all compounds and groups are represented in their ionic states in aqueous 

solution (for example, carboxylic acids are in their anion form). Table 3.1 shows the 

calculated free energy value of BTAH, NSA", DNSA", and AHA. Using the estimated and 

available free energy values of the ligands, the free energy of formation of copper 

complexes of the ligands were calculated using stability constants [3.4]. These are also 

listed in table 3.1. In order to determine the accuracy of the estimation method, the free 
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energy of several compounds was estimated and compared with the values reported in the 

literature. For example, the estimated free energy of the triply charged citrate ion was -

278.3 kcal/mol and the value reported in the literature was -277.89 kcal/mol [3.5]. These 

values almost match each other. 



Table 3.1: Free energy values of ligands and copper-ligand complexes. 

Species Estimated AG°f (kcal/mol) 

BTAH 52.3 

NSA" -104.7 

DNSA" -118.6 

AHA -63.2 

SHA -78.1 

Cu(Cit)' -270.22 

Cu(HCit) -275.57 

Cu(H2Cit)^ -280.48 

Cu(H.|Cit)^' -264.31 

CU2(Cit)^ -257.53 

CU2(Cit)2^" -542.38 

CuCNHjCHjCOOf -62.68 

CU(NH2CH2COO)2 -140.93 

CU(NH2CH2COO)2^" -156.69 

CU(NH20H)^^ 6.781 

Cu(NH20H)2^^ -1.09 

Cu(BTA) 54.48 

CuL (L=NSA^') -86.7 

CuU^- (L=NSA^O -186.06 

CuL (L=DNSA^') -102.43 

CuL^ (L=AHA ) -45.18 

CuL^ (L=SHA") -64.69 
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3.2 Experimental methods 

3.2.1 Laboratory Scale Electrochemical Abrasion Cell (EC-AC) 

Removal rate and electrochemical studies were performed on a specially designed 

"electrochemical" abrasion cell. A photograph of this research tool is shown in figure 3.1. 

The EC-AC tool is an inverted version of the commercial rotational CMP tool. The main 

advantage of this "upside down" design is that, electrochemical measurements can be 

performed on copper films (on silicon wafer) during abrasion conditions and the chemical 

solutions used can be collected for further chemical analysis. Many researchers have used 

traditional rotating disc electrode (RDE) pressed against a pad to simulate copper CMP 

while performing electrochemical analysis [3.6- 3.10], In such a setup, the bulk copper 

used may possess different electrical and physical properties (grain size and structure) 

compared to an electroplated copper thin film. 

The cross sectional view of the EC-AC tool is shown in figure 3.2. The EC-AC tool 

has two parts: (1) A top part which consists of a small pad, pad holder, stepper motor, and 

the load cell; (2) Bottom part which consists of the Teflon® vessel, copper sample, and a 

stainless steel table with the bottom stepper motor. Two different sizes of pad and sample 

were used in the experiments. The smaller pad (area of 0.8 cm ) was used to polish the 

small sample (area of 3.14 cm^), while the larger pad (area of 1.75 cm^) was used in 

conjunction with the large sample (area of 7 cm^). 



Figure 3.1: Typical setup of the laboratory scale electrochemical abrasion cell (EC-AC 
tool). 
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Figure 3.2: Cross sectional view of the EC-AC tool. 



91 

3.2.2 Abrasion experiments in EC-AC tool 

A typical abrasion experiment was conducted as follows. A diced copper plated wafer 

sample (3 cm x 3 cm or 4 cm x 4 cm) was placed on the circular copper plate as shown in 

figure 3.2. In cases where electrochemical measurements were required, an electrical 

contact was established between the copper film on the wafer and the copper plate 

through the use of an aluminum foil or conductive nickel paint. The copper plate was 

then placed over the stainless steel base of the polisher, which can be rotated at 

programmed speeds by the stepper motor attached to the base. The stainless steel base 

was electrically insulated from the copper plate by a Teflon® disc. The Teflon® vessel (a 

container with a hole at the bottom) was assembled on top of the wafer sample as shown 

in figure 3.2. A Viton o-ring was used to prevent liquid leaking out of the vessel. Teflon 

vessel was securely fastened to the stainless steel table with four screws. After the copper 

sample had been properly assembled, the electrical continuity between the copper surface 

and edge of the conducting plate was tested using an ohmmeter. 

A small section of the pad was attached to the bottom of the Teflon® pad holder, 

which was attached to the top stepper motor. The complete assembly of the EC-AC tool 

occurred when the bottom part was placed underneath the top part. The bottom port of the 

tool fits on the slot screws protruding from an adjustable table. The axis of rotation of the 

pad and sample were offset by adjusting the screw on the bottom table. This allowed the 

control of the polished area on the sample. With the pad/pad holder in place, the 

reference (RE) and counter (CE) electrodes were both placed into the Teflon vessel as 

close to the copper sample as possible. The connections of the RE and the CE to the 
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potentiostat were straightforward. The working electrode (WE) was connected using a 

graphite rod that was pressed firmly on the conducting copper plate on top of the stainless 

steel table. Electrical continuity was maintained constant even while the graphite rod was 

sliding on the conducting plate during rotation. After assembling the abrasion cell, the 

solution (100 ml) was poured into the Teflon® vessel. The pad and the sample were 

rotated at 240 and 222 rpm, respectively, without any contact. Abrasion started when the 

pad was lowered to contact the sample at a required pressure. 

The amount of pressure applied to the copper film during abrasion experiments was 

measured by a load cell that was fastened to the pad-holder/motor assembly. Standard 

calibrating weights were used to calibrate the digital readout of the load cell. The range of 

measurable pressure ranged from 0 to 20 pounds per square inch (psi). Polishing 

experiments were carried out at a wide range of pressures fi^om 1 to 9 psi depending on 

the pad configuration and the chemical nature of the system. 

During abrasion experiments, the pad may not always cover the entire area of the 

sample exposed to the solution. This may prove problematic, especially when the solution 

chemistry has a high static etch rate on the metal film. The unwanted static dissolution of 

the metal film in the area that is not abraded but is still in contact with the solution 

chemistry will also contribute to the overall removal rate. To avoid this problem, the 

sample was spin-coated with a positive photoresist. The resist film was cured in air to 

leave a thin layer of the resist on the sample surface. The resist in the center area where 

pad contact would occur was removed using isopropyl alcohol. 
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3.2.3 Static (no abrasion) experiments in EC-AC tool 

Etching experiments where the sample was not abraded were also performed using the 

EC-AC tool. The sample was attached to the base of the polisher as described in section 

3.2.1. In cases where electrochemical measurements were done simultaneously, 

necessary electrical contacts were made. The sample was rotated at 222 rpm and the pad 

was rotated at 240 rpm, but without any contact with the sample. The pad was held a few 

millimeters above the sample. 

3.2.4 Galvanic corrosion experiments in EC-AC tool 

Galvanic corrosion experiments were carried out on the same polishing tool with 

slight modifications. Galvanic samples fabricated by two different methods were used in 

the experiments. In the first case, copper and tantalum samples (3 cm x 1.5 cm each) 

were placed side by side with a thin (< 0.5 mm) insulating silicone layer between their 

edges. In the other case, strips of copper and tantalum were deposited on a thick oxide 

layer on a silicon wafer. The copper and tantalum regions were separated by a 0.5 mm 

gap. Extreme care was taken in both cases to ensure that there was no electrical contact 

between the copper and tantalum regions. 

The coupled copper-tantalum sample was placed on a stack of two copper foils 

separated by an insulating material as shown in figure 3.3. A thin aluminum foil was used 

to make electrical contact between the Ta portion of the sample and one of the circular 

copper foils. The Cu part of the sample was connected to the other copper foil at the 

bottom through the window in the copper foil on top. Connections to the potentiostat 
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were achieved via carbon brushes pressing against the rotating copper foils. Tantalum 

was made as the working electrode and copper was made the ground in all these 

experiments. A silver/silver chloride electrode reference electrode was used to monitor 

the potential characteristics of the working electrode. 

3.2.5 Electrochemical cell for oxidation of organics 

Experiments aimed at the removal of organics from CMP waste water by electro 

oxidation were carried out in lab scale reactor with a two electrode setup. The anode and 

>•) 

cathode were boron doped diamond (BDD) electrodes with active area of 4 cm . The 

oxidation experiments were performed in a galvanostatic mode (constant current). 

Two kinds of reactors, one with a single chamber and the other one with two chambers 

were used in the experiments. These are shown in figure 3.4. In the single chamber 

reactor, both the anode and cathode were placed in the same cell without any separation 

between them. In the case of the dual chamber reactor, the cell volume was split in to two 

halves by a Nafion® membrane, which is permeable only to hydrogen ions. The mixing 

of anolyte and catholyte is prevented in the dual chamber reactor. 
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Figure 3.3: Schematic of the modified EC-AC tool for galvanic experiments. 
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Figure 3.4: Simplified schematics of the single and dual chamber reactors used in the 
oxidation experiments. 
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3.3 Electrochemical Measurements 

All electrochemical measurements were performed using Princeton Applied Research 

potentiostats (Models 6310, 263A, and 273A). The electrochemical experiments were 

done using the three-electrode setup. The working electrode was the metal of interest, 

copper in most cases. For experiments with copper, electrodeposited copper films of 

various thicknesses (16, 30, and 80 kA) on a film stack of tantalum (~ 2 kA) and Si02 on 

a silicon wafer were used. The copper films were obtained Irom various sources 

including EKC Technology, NuTool, and Semi tool Corporation. The counter electrode 

was a platinum metal plate obtained firom Aldrich chemicals. The reference electrode was 

either saturated calomel (SCE) or silver-silver chloride (Ag/AgCl). Both single-junction 

and doubled junction reference electrodes were used in the experiments and no 

significant differences were observed between reference electrodes throughout 

experimental work. 

3.3.1 Potentiodynamic Polarization 

Potentiodynamic polarization technique, involves the perturbation of the potential of 

the working electrode at a certain rate and following the current response. 

Potentiodynamic polarization is classified in to different sub techniques such as, Tafel 

polarization, linear polarization, anodic polarization etc, depending on the magnitude, 

direction, and scan rate of the potential. The theories and steps used in the calculations 

are described in the following paragraphs. 
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The corrosion of a metal is an electrochemical reaction shown as Equation (3.1). This 

is often referred to as a "charge-transfer" (CT) reaction. 

M^+ e"  < M (3 .1)  

The Butler-Volmer equation (3.3) gives the amount of current (/, Ampere) or current 

density (/, Ampere/cm ) produced from the charge transfer reaction shown in Equation 

(3.1) [3.11 -3.14]. 

i  =  -  anodic current density - cathodic current density (3.2) 

a  n F  T ]  

RT 

( l -a )  n  F  rj 

RT 
(3.3) I = |exp — - exp 

where, 

i  =  net or measured current density 

ig = exchange current density 

rj = overpotential { = applied potential (E) - equilibrium potential (Eg^u;,)} 

a = anodic transfer coefficient 

F = Faraday constant, 96500 C mol"' 

n = number of electrons 

R = Gas constant, 8.314 J mol"' K"' 

T = Absolute temperature, K 

A Tafel plot is obtained by plotting the absolute value of the measured current density 

(/) and overpotential {rf) in a semi-logarithmic plot as shown in figure 3.5. This plot 

shown for the case of /„ = 10 A/cm^, a = 0.5, n = 1, and T = 298 K. When the 

overpotential {rj) is larger than ± 0.05 V, a linear relationship can be established between 

f} and log(0 known as the Tafel relationship, which is shown in Equations (3.4) and (3.5) 

[3.15,3.163]. 
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Anodic; log 

Cathodic: log 

, where = 2.303 
RT 

a n F 

, where (3^ = 2.303 
RT 

( l -«)  n  F  

(3.4) 

(3.5) 

The terms (3a and (3c are the anodic and cathodic Tafel slopes while T]a and TIc are 

anodic and cathodic overpotentials. The anodic and cathodic portions of the curve in 

figure 3.5 are symmetrical because of the assumed value of 0.5 for the transfer 

coefficient. If a deviates from 0.5, the slope of the anodic and cathodic curves will 

change as dictated by equations (3.4) and (3.5). 

In a typical corrosion system, anodic and cathodic reactions may not be the same. The 

corrosion behavior of a piece of zinc metal immersed in acid solution is shown in figure 

3.6 [3.17, 3.18]. This is referred to as a mixed potential plot. The potential at which the 

H^/H2 cathodic curve and Zn^VZn anodic curve intersect is known as the corrosion 

potential (Econ) and this is where both anodic and cathodic current densities are equal. 

The Econ is directly measurable from experiments, but /corr has to be calculated from Tafel 

slopes. 
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Figure 3.6: Tafel plot of mixed electrode system of hydrogen and zinc electrodes [3.17], 
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Using the Tafel relationship of equation (3.4), the anodic and cathodic current 

densities (4 & h) generated due to the perturbation may be calculated using the following 

equations. 

Arj^/ iJog 

o(zn^VZn) 
- y ^aiog 

oiZn^*IZn\  

= A log 

A *7/ .A';/ 
i  10 and i  10 Q  COrr M.XAV*- ^  c corr 

(3.6) 

(3.7) 

The anodic and cathodic currents produced from the perturbation are shown in 

equation (3.7). The net current, /applied is then 

A/?/ 

i  , . = i — i = i  1 0  
applied a c corr 

f  An/  _A7/  ^  

10 -10 (3.8) 

The above equation can be simplified using the Mclaurin series and approximated to 

equation (3.9), which on rearrangement yields equation (3.10) known as the Stem Geary 

equation [3.19]. 

^applied ^corr 
1 + 

w 

2.303x A/7 

A 
1-

2.303 X AT; 
= 'CO.2.303XA;7 

y j  

I  = 
corr 

applied 

2 3 0 3 x A ? j  A 

applied 

2.303 xA^ 
' PA ' 

V A + y 

(3.9) 

(3.10) 

The term /applied/At) in the above equation can be substituted by 1/Rp where Rp is the 

polarization resistance. The definition of polarization resistance is based on the 

assumption that for small perturbations fi-om equilibrium (± 0.01 V) the current-potential 

relationship is a linear function. This is also schematically demonstrated in figure 3.7 
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[3.17]. Substituting the definition of Rp into the Stem-Geary equation gives equation 

(3.11). 

1 
I  = 
corr 

' PA ' 
2.303 xR, 

(3.11) 
c / 

The values of Rp, Pa and (3c are obtained from the polarization plots and are used to 

calculate the corrosion current density icorr- The amount of material removed could be 

estimated from the corrosion current density using Faraday's Law given by equation 

(3.12). 

Corrosion rate or J  (flux), 
moles 

V s • cm^ J nF 
or 

^ A ^ 
Film removal rate, 

Molecular Weight 60 s A 
(3.12) 

ymmy nF (weightdensity) min 10 ^cm 

3.3.1.1 Tafel polarization tests 

Tafel polarization experiments were performed by polarizing the metal from -0.3 V to 

+0.3 V with respect to Econ or the open circuit potential (OCP). Ideally Tafel experiments 

should be done at scan rates < 1 mV/sec, but due to the thin copper films used in 

experiments, a higher scan rate of 5 mV/s was used to ensure that the polarization was 

complete before the copper film was completely etched away. Tafel slopes were obtained 

from the plots and used to calculate the corrosion current density (icon)-
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Figure 3.7: Linear region of a polarization plot, showing polarization resistance (RP). 
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3.3.1.2 Linear polarization tests 

Linear polarization experiments were done by polarizing the working electrode from -

10 mV to +10 mV with respect to the Ecorr or OCP. The potential was scanned at 0.05 

mV/sec. The resultant current vs. potential plot was used to calculate the polarization 

resistance Rp. 

3.3.1.3 Anodic polarization 

Anodic polarization was used to study the passivation behavior of the metal (copper) 

samples in various chemistries. A three electrode setup was used. The working electrode 

was polarized to anodic overpotentials up to 1.3 V with respect to Ecorr or OCP. The 

potential was scanned at a rate of 0.1 mV/sec or 0.5 mV/sec. 

3.3.2 Corrosion Potential (Econ) versus Time 

If the metal under analysis is in equilibrium with the solution, Ecoit would remain 

constant as a function of time. Any change in Econ- with time indicates that the 

metal/solution equilibrium has not been established. The Ecorr vs. time experiments were 

performed on copper under abrasion to observe the effects of passivation either by oxide 

formation or adsorption of species on the copper surface that was exposed to different 

chemistries. 
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3.3.3 Potentiostatic - Chronoamperometric experiments 

Potentiostatic experiments were done by holding the working electrode at a constant 

potential and monitoring the current response with time. Potentiostatic mode was used in 

two different sets of experiments. Copper dissolution in the hydroxylamine and other 

chemistries was studied at various anodic overpotentials (250, 500 and 700, mV) to 

simulate dissolution under ECMP conditions. The current response was used to estimate 

the electrochemical removal rate. 

Potentiostatic experiments were also done to study copper deposition on BDD 

electrode. In this case, the BDD electrode was held at various cathodic overpotentials 

(200 and 800mV). The variation of current with time was recorded and used to estimate 

the Faradaic current efficiency of the reaction. 

3.3.4 Galvanostatic experiments 

In the Galvanostatic mode, a fixed current was forced through the working and 

counter electrode and the potential difference between the working and reference 

electrode was monitored with time. The oxidation of the organic compounds such as 

citric acid and BTA on BDD electrodes were studied under galvanostatic mode. A two 

electrode system (without a reference electrode) was used in these experiments. Constant 

anodic currents of 16, 18, and 20 mA were applied between the electrodes. 
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3.3.5 Galvanic corrosion 

Measurement of galvanic current and potential of the galvanic couple was done using 

a three electrode setup. The tantalum portion was made the working electrode and copper 

was made the ground electrode. During a galvanic corrosion experiment, the potentiostat 

does not apply any potential or current waveform to the sample. Instead, it behaves as 

zero resistance ammeter and measures the current characteristics (as a function of time) 

of the system consisting of the two metals (working and ground electrode). The 

potentiostat was configured to record the flow of electrons from tantalum (working 

electrode) to copper (ground electrode) as positive current. A silver/silver chloride 

electrode reference electrode was used to monitor the potential characteristics of the 

working electrode. The setup, thus allowed the monitoring of both current and potential 

characteristics simultaneously. 

3.3.6 Cyclic Voltammetry experiments (rotating disc electrode) 

Voltammetry is a potential sweep technique that measures the current with applied 

potential. This technique is similar to potentiodynamic techniques, except that the overall 

kinetic processes involve charge-transfer reactions as well as the mass transport of these 

electroactive species. The total current density (/) of the reaction on a rotating electrode 

can be given by equation (3.13). 

(3.13) 
i j  + /p 
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where, /F the faradic current density and i j  is the transport current density. The overall 

current is controlled by the various factors such as overpotential, transport (rotation speed 

of electrode) and scan rate. 

Voltammetry experiments were performed to study the deposition of copper on boron 

doped diamond electrode. A rotating disk electrode (RDE) consisting of a BDD film on 

p-silicon (CSEM, Neuchatel, Switzerland) of geometric surface area of 0.6 cm^ was used 

for all copper deposition experiments. The experiments were performed in a 30 mL glass 

cell using a platinum wire counter electrode and an Ag/AgCl reference electrode. The 

sample was not rotated during the cyclic voltammetry experiments. The scan was 

initiated from the open circuit potential, scanned in the cathodic direction, and then in the 

anodic direction. The scan rate was set at 50 mV/sec. 

3.4 Quartz crystal microbalance (QCM) 

A quartz crystal microbalance (QCM) was used in the inhibitor adsorption 

experiments. It consists of a thin disk of AT-cut quartz crystal with circular gold 

electrodes plated on both sides, as shown in figure 3.8. Typically one side of the electrode 

is exposed the chemistry of interest and the other side serves as a contact electrode. 

Addition or removal of material from the sensing side of the crystal causes a shift in its 

oscillation frequency. The change in crystal frequency (Af) can be related to the mass 

change (Am) on the piezoelectrically active area (A) using the Sauerbrey equation given 

in equation (3.14) [3.20]. 
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A^^-2A^a) '  

nA ĵJip 

where fo is the fiindamental frequency of the crystal, n is the order of harmonic, |j. is 

the shear modulus of quartz (2.947 x lO" g cm"' s"^), p is the density of quartz. 

The QCM experiments were carried out in a MAXTEK Research QCM. A 5 MHz 

quartz crystal with gold film was used. The exposed area of the front electrode was 137 

2 
mm , but the active oscillation region (displacement area) was limited to the overlapping 

2 
area of the front and rear electrodes (34.19 mm ). The QCM was interfaced with an 

EG&G PARC 273A potentiostat such that electrochemical measurements could be made 

simultaneously. The electrode surface on the crystal was made the working electrode, 

platinum foil was used as counter and silver/silver chloride electrode was used as 

reference. The actual set up is shown in figure 3.9. The gold surface of the crystal was 

electroplated with copper using a commercially available plating bath (Shipley ST2001) 

with special additives. Plating was done under galvanostatic mode at a current density of 

2 mA/cm . 
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(CONTACT ELECTRODE) 

Figure 3.8; Schematic of the front and rear side of the gold coated quartz crystals [3.20]. 
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3.5 Chemical and physical analysis 

3.5.1 Atomic absorption spectrophotometry (AAS) 

The measurement of dissolved copper ions in solution was carried out using a Perkin-

Elmer Model 2380 Atomic absorption spectrophotometer using a hollow cathode lamp (k 

= 324.8 nm). A linear working curve was obtained by measuring the absorption of 

solutions with five known copper concentrations (0.1, 0.5, 1.0, 3.0, and 5.0 ppm) 

prepared from an AA copper standard solution purchased from Alfa-Aesar Chemicals. 

The linear working range of copper was 0.1 to 5.0 ppm. All working curves established 

prior to analysis had a coefficient of determination (R ) of 0.99. 

The unknown samples were acidified with a known amount of concentrated nitric acid 

to adjust the solution pH to <1. In cases where the samples contained abrasive particles, 

the particles were allowed to settle and then centrifuged at 5000 rpm for 2 hrs to 

completely remove the particles from the solution. Samples with copper concentration 

above the 5.0 ppm limit were diluted with deionized water and the absorption was 

measured. 

3.5.2 Surface Profile Measurements 

The surface profile was measured using a Tencor P-2 Long Scan Profiler. This 

instrument used a sharp stylus that was dragged across the surface features. The amount 

of vertical movement on the stylus was detected by electrical signals produced from the 

piezo-electric material attached to the stylus assembly. The electrical signals were 

translated into vertical distance. A schematic diagram of a surface profiler is shown in 
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figure 3.10. It used a tungsten carbide-tipped stylus with a 5.0 fxm tip radius and a shank 

angle of 60°. The instrument had a minimum horizontal resolution of 0.01 |xm/point and a 

vertical resolution of 10 A. 

In the case of samples with uniform copper film (blanket copper films), the portion 

exposed to abrasion or chemicals and the unexposed portion were scanned in a single 

line. The difference in thickness was equal to the thickness etched away, abraded or a 

combination of both. In the case of patterned copper films, step heights before and after 

the experiment was measured. The scan rate, length, and resolution were modified based 

on the sample and information required. 
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Figure 3.10: Schematic diagram of the P-2 profiler used for surface profile 
measurements (top). A plot of an actual profile scan of a copper sample that has been 
abraded (bottom) [3.17]. 
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3.5.3 Atomic force microscopy (AFM) 

The surface topography of copper films and the adhesive force between copper surface 

and AFM tip were obtained using a ThemoMicroscopes Explorer^'^ Scanning probe 

microscope. Data analysis was performed using ThemoMicroscopes SPMLab NT version 

5.01 software. 

3.5.3.1 T opographic measurement 

The topographic measurements were done in a contact AFM mode, where the probe 

tip (which is mounted to the end of the cantilever attached to the Z piezo) comes into 

direct physical contact with the sample surface and scans it as shown in figure 3.11a. As 

the surface is scanned, the cantilever is deflected based on the surface features. A light 

beam from a laser is reflected off the cantilever to a photo detector which controls the Z 

piezo feedback (figure 3.11b). The movement of the Z piezo is controlled by the 

proportional, integral, and differential (PID) coefficients of the feedback loop. The FID 

settings were adjusted based on the topography of the sample. In all the measurements, a 

silicon nitride tip attached to a silicon cantilever with a force constant of 0.1 N/m and 

resonance frequency of 38 KHz was used. 

3.5.3.2 Force-Distance spectroscopy 

The force distance spectroscopy was used to measure the adhesion between the 

surface and the AFM probe. Figure 3.12 represents the force exerted on the cantilever 
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when the distance between the probe tip and sample surface is ramped. The various 

segments on the curve are explained as follows: segment "ab"- tip moving towards the 

sample but no contact, segment "be"- contact between the tip and sample, segment "cd"-

upward deflection of cantilever as the tip is pushed against the surface, segment "de"-

reverse state of segment cd where the tip is pulled away from sample, segment "ef-

downward deflection of the cantilever as the tip is still attached to the surface due to 

adhesive forces, segment "fg"- jump of cantilever as the cantilever force exceeds the 

adhesive force and the contact between the tip and surface is broken, segment "gh"- tip is 

moved away from surface (no contact). 

In all the measurements, a silicon nitride tip attached to a silicon cantilever with a 

force constant of 0.1 N/m and resonance frequency 38 KHz was used. The tip was moved 

at a rate of 0.5 ij,m/sec. The deflection vs. distance curve was later converted to force vs. 

distance curve using the analysis software. 
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Figure 3.11: Schematic diagram of a) the AFM tip scanning the surface and b) the Z 
piezo feedback loop. 
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Distance 

Figure 3.12: Schematic of the deflection of the cantilever beam (force) during a typical 
force/ distance measurement. 
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3.5.4 X-ray Photoelectron spectroscopy (XPS) 

Copper samples (electrodeposited copper thin films on silicon wafer) were exposed to 

different chemistries and the copper surface was analyzed using a KRATOS Axis 165 

Ultra X-ray Photoelectron Spectrometer. The oxidation state of copper on the surface and 

the presence of any organic were determined. The atomic ratio of the elements detected 

was calculated from the analysis of XPS peak area. 

3.5.5 UV-Visible absorption spectroscopy 

The concentration of benzotriazole in the oxidation experiments was determined using 

UV-Visible spectroscopy. A Perkin-Elmer LAMBDA 9 UV-VIS-NIR spectrophotometer 

was used in the experiments. Initially the spectra of known concentration of benzotriazole 

(in standard silica sample container) were obtained. The characteristic BTA peaks 

occurred at wavelengths of 260 and 277 nm. Then a calibration curve (concentration vs. 

absorption) was obtained. The absorption of the unknown samples was measured and the 

calibration curve was used to determine the concentration. 

3.5.6 Ion chromatography 

Ion chromatography is used to determine all ions which carry one or two charges. In 

this method the sample is injected along with the eluent in to the ion chromatography 

column. Different ions depending on their size and charge have a different retention time 
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in the column. The ions coming out of the column are monitored using a detector, from 

which the chromatogram with the peaks of the species is obtained. 

The concentration of the citrate ions in the oxidation experiments was determined 

using IC. A Dionex DX500 ion chromatograph with a AS 16 chromatography column was 

used. A conductivity detector was used to determine the ions. The peak heights for citrate 

were calibrated with known samples. The minimum detection limit was 5 f^g/L. The 

samples were diluted when needed. 

3.5.7 pH and Redox Measurements 

All pH and redox measurements were obtained using Orion Model 920A and Model 

1230 meters. For pH measurements, a glass sensing single junction combination (with 

built-in Ag/AgCl reference electrode) pH probe was used. For redox measurements, a 

platinum sensing combination electrode (with built-in Ag/AgCl reference electrode) was 

used. The meters and the probes were all purchased from Thermo Orion and were 

calibrated using freshly prepared buffer and standard solutions on a regular basis. 



121 

4 RESULTS AND DISCUSSION 

4.1 Potential-pH diagrams 

4.1.1 Copper - water system 

The potential-pH diagram of Cu-water system is shown in figure 4.1. The common 

aqueous species of copper, viz. Cu, Cu^, Cu^^, CuaO, CuO, HCUO2", CuOi^" were 

considered in the construction of the diagram. Calculations were made for two different 

activities of copper (10"'* and 10"^). It may be seen that at acidic pH, under oxidizing 

conditions, the oxidation of Cu to Cu ions is favored. In the near neutral pH regions, the 

formation of cuprous and cupric oxide is thermodynamically favorable. At high pH 

values, depending on copper ion activity, copper oxides may be dissolved to form 

HCUO2" and CuOi ". The measured redox potential values of 4% hydrogen peroxide and 

0.5M hydroxylamine solutions at different pH values are also shown in the same figure. 

These are the typical oxidant concentrations used in slurries for copper CMP. It may be 

seen that the 4% hydrogen peroxide solution is characterized by a higher redox potential 

than 0.5M hydroxylamine solution. In the case of hydroxylamine system, it is interesting 

to note that the redox potential values follow the Cu/CuiO equilibrium line in the pH 

range 4-12. 
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Figure 4.1; Potential - pH diagram for Cu - Water system at copper ion activities of 10 
and 10"^. Redox potential values of 4% hydrogen peroxide (squares) and 0.5M 
hydroxylamine solutions (circles) are also displayed. 
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4.1.2 Copper - Citric acid - Water system 

Citric acid is often added to CMP slurries because of its ability to complex copper 

ions. Citric acid (CeHgO? or H3L) is a tribasic acid with pKa values 2.87, 4.35 and 5.69. 

Figure 4.2(a) shows the potential-pH plot for an aqueous system with a dissolved copper 

activity of lO'"* and total citrate species activity of 0.1. The presence of citrate in aqueous 

systems reduces the stability region of the copper oxides. It may be seen that only Cu^^ 

forms complexes with citric acid. The cationic complexes are predominant in the pH 

range of 3 to 4 and the anionic complexes are stable in the pH range of 4-11. The doubly 

charged anionic Cu (H.iL) complex occupies the major portion of the stability region (pH 

5-11). The figure also shows the redox potentials of the citric acid system with and 

without hydrogen peroxide (oxidant). It is clear that the redox potential of the citric acid 

system increases with the addition of hydrogen peroxide. However the increase in redox 

potential does not result in transitioning the system to a different stability region. Figure 

4.2(b), drawn for a lower activity of copper (10"^), shows that the stability region of CuO 

'y 

may be replaced by soluble Cu(H.iL)' and other ionic species when dissolved copper 

level is low. It may be concluded from these plots that the presence of citric acid in the 

slurry would favor copper dissolution through the formation of complexes. It has been 

reported that citric acid inhibits copper dissolution in nitric acid based slurries [4.1]. A 

similar behavior is found in hydroxylamine-based chemistries. This perhaps indicates that 

copper dissolution occurs via adsorption of citrate species followed by desorption of 

copper citrate complexes. The inhibitive effect may be due to the slow desorption of the 

complexes. 
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Figure 4.2: Potential - pH diagram for Cu - Citric acid - Water system: a) dissolved 
copper activity of 10"^ and citrate species activity 0.1. Redox potential values of O.IM 
citric acid solution (squares) and O.IM citric acid with 4% hydrogen peroxide (circles) 
are also displayed; b) dissolved copper activity of 10"^ and citrate species activity of 0.1 
[Citric acid = HsCit, Cit = CelisOr] 



125 

4.1.3 Copper - Glycine - Water system 

Glycine (LH, NH2CH2COOH) is an a-amino acid with pKa values of 2.36 and 9.57. 

The dissolution characteristics of copper in glycine-based solutions have been described 

• • • -f- o I 
in the literature [4.2]. Unlike citric acid, both Cu and Cu form complexes with glycine. 

The CuL2 complex has a very high stability constant of lO'^ Figure 4.3 shows a Pourbaix 

diagram for the copper-glycine-water system for dissolved Cu activities of lO'"* and 10"^, 

and a total glycine activity of 0.1. Similar to citric acid, glycine reduces the stability 

region of CuO. At a copper activity of 10"'', the cationic complex CuL^ occupies a small 

area between pH 3 and 4. The neutral complex CuLa is very stable and dominates the pH 

region of 4-11. The cuprous complex has a very small stability region. A decrease in the 

copper activity (10 ) reduces the complexation, leaving a larger oxide and Cu stability 

region. Also shown in figure are the redox potentials in 0.1 M glycine and O.IM glycine 

with 4% hydrogen peroxide solutions. Similar to the citric acid system, addition of 

peroxide increases the redox potential of the glycine system, but the stability regions 

remain unchanged. Based on the diagrams it may be concluded that glycine would be a 

useful complexing agent at near neutral pH values. Even though the Pourbaix diagrams 

indicate that copper - glycine complexes are thermodynamically stable in a wide pH 

range of 3 to 12, the preferred pH range for the CMP of copper in glycine-peroxide 

solutions has been claimed to be 8-12 [4.3]. Recent publications have shown that addition 

of glycine to peroxide based slurries increases removal rates of copper [4.4]. 
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Figure 4.3: Potential - pH diagram for Cu-Glycine-Water system for two different copper 
ion activities of and 10"^, and glycine species activity of 0.1. Redox potential values 
of 0.1 M glycine solution (squares) and O.IM glycine with 4% hydrogen peroxide (circles) 
are also shown. 
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4.1.4 Copper - Benzotriazole - Water system 

Benzotriazole (BTAH - C5H4N3H) has one replaceable H atom attached to the Ni 

atom in the triazole group. Benzotriazole has a very limited solubility (20 gm/liter) in 

aqueous solutions. The BTA" ion forms an insoluble compound with cuprous ion. The 

formation of this insoluble film is known to be responsible for the corrosion inhibiting 

properties of BTAH [4.5, 4.6]. The group contribution method was used to estimate the 

free energy of BTA' ion. The free energy values of other BTA related species were 

calculated from formation constant values [4.7] and used to construct the Pourbaix 

diagrams. 

Figure 4.4 shows the Cu-BTAH diagram for an assumed activity of 10""^ for both 

Cu and BTAH species. The Cu-BTA complex is stable in a narrow potential region and 

between pH 3 and 9. The copper oxides dominate the rest of the alkaline region. The 

redox potentials of 0.001 M BTAH system are also shown in the same figure. As was seen 

in the citric acid and glycine systems, addition of peroxide increases the redox potential 

of the system. The redox potential values fall at the border of the Cu-BTA and CuO 

stability regions in the neutral pH region and in the cupric ion stability region in the 

acidic side. It should be noted that the Cu-BTA stability region will expand with the 

increase in BTAH concentration (not shown in figure). 
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Figure 4.4: Potential - pH diagram for Cu - BTAH - Water system for activity of both 
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4.1.5 Copper - Hydroxylamine- Water system 

The Pourbaix diagram for the Cu-hydroxylamine-water system for a dissolved copper 

activity of lO"'* and a hydroxylamine activity of 0.5 is shown in figure 4.5. 

Hydroxylamine forms 1:1 and 1:2 complexes (Cu(NH20H)^'^ and Cu(NH20H)2^^ ) with 

cupric ions. The 1:1 complex is stable around pH 4, while the 1:2 complex is 

predominant in the pH range of 6-7. It is interesting to note that Cu-hydroxylamine 

complexes are stable in the pH range of 5-6 where the removal rate of copper films 

exhibits a maximum. 

4.1.6 Copper - Nitrosalicylic acid - Water system 

Hexamethylene salts of 5-nitrosalicylic acid (NSA) and 3,5-dinitrosalicylic acid 

(DNSA) are anodic and cathodic inhibitors of Cu corrosion in neutral solutions [4.8]. 

They are also known to prevent anode passivation during copper electro refining 

processes [4.9]. Both these compounds are known to form complexes with cupric ions. 

Copper forms two cupric complexes with NSA (H2L, L = C7H3O5N "). Figure 4.6a shows 

the Pourbaix diagram drawn for a dissolved copper activity 10""^ and NSA activity 10'^. 

The CuL complex is stable between pH 3-5 and the CuL2 " is stable in a wide area 

between pH 5 to 11. Unlike NSA, DNSA forms only a neutral complex with copper ion. 

The Pourbaix diagram for the Cu-DNSA system is shown in figure 4.6b for a copper 

activity of 10"'^ and a DNSA activity of 10"^. The neutral complex is stable in the pH 

range of 3-7. The inhibitor effect of DNSA may be attributed to its surface complexation 

ability. 
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Figure 4.5: Potential - pH diagram for Cu - Hydroxylamine - Water system for copper 
ion activity at 10"^ and hydroxylamine species activity at 0.5. 
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Figure 4.6: Potential - pH diagram for a) Cu - NSA -Water system [NSA = H2L, L = 
(CyHjOsN)^-] and b) Cu - DNSA - Water system [DNSA = HjL, L = (C7H2O7N2)-"] 

constructed with activity of dissolved copper species at 10"'* and activity of NSA and 
DNSA species at 0.01. 
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4.1.7 Copper - Acetohydroxamic acid - Water system 

Alkyl hydroxamic acids, depending on the length of alkyl chains, can be used as either 

a dissolution promoter or inhibitor. Sodium octyl hydroxamate has been reported to be a 

good corrosion inhibitor for copper in acidic conditions [4.10]. Acetohydroxamic acid 

(AHA, CH3-CO-NH-OH) has one replaceable hydrogen atom with a pKa 9.36. The 

acetohydroxamate ion forms a cupric complex with the stability constant of 10^^. The 

free energy of formation of AHA was estimated using the group contribution method. 

Figure 4.7 shows the Pourbaix diagram for the Cu-AHA system assuming a Cu activity 

of 10"^ and an AHA activity of 10'^. The CuL"^ (L=C2H402N") is stable in the pH range 

of 3-9. Based on this feature, it may be expected that AHA could serve to solubihze 

copper in near neutral solutions. 

4.1.8 Copper - Salicylhydroxamic acid - Water system 

Figure 4.8 shows the potential-pH diagram of the copper-salicylhydroxamic acid 

(SHA) system (activity of copper species = 10'"^, activity of SHA species = 0.01). It can 

be seen that the cationic Cu-SHA complex is stable over a wide range of pH (1 to 9) and 

potential (E > 0.25 V). It has been reported in literature that metal-salicylhydroxamate 

complexes are often polymeric with phenolic OH or hydroxamate oxygen bridging 

groups [4.11]. However, there is no thermodynamic data available for the polymeric 

complex. 
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In summary, conditions for the removal of copper by several organic compounds of 

interest to copper CMP have been identified using potential-pH diagrams. All ligands 

except BTA form soluble cupric complexes that exhibit stability in a wide pH range. 

However, it should be noted that no distinction is made between surface and bulk 

complexes in these diagrams. This distinction may be important in a system such as citric 

acid where the ligand addition in acidic solutions is known to inhibit copper removal rate. 

Addition of hydrogen peroxide or hydroxylamine to these chemical systems increases the 

redox potential, but does not appear to create marked shifts in the stability fields. 
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HCuO, 

Figure 4.7: Potential - pH diagram for Cu - AHA - Water system for activity of dissolved 
copper species at 10"^ and activity of AHA species at 0.01. [AHA = HL, L = (C2H4O2N)'] 



135 

2.0 

CuO Cu(SHA) Cu 

-0 .5 - cu 
Cu 

-1 .0 -

-1 .5 -

-2.0 
2 4 8 10 12 14 0 6 

pH 

Figure 4.8: Potential-pH diagram of Cu - SHA - Water system (activity of copper species 
= 10'"^, activity of SHA species = 0.01). 
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4.2 Corrosion inhibitors for hydroxylamine chemistry 

4.2.1 Removal of copper in hydroxylamine - Need for inhibitors 

Copper samples were exposed to 0.5M hydroxylamine solution at different pH values 

and the static dissolution rates were obtained from electrochemical polarization (EC) 

measurements and solution analysis by atomic absorption spectrophotometry (AA). 

Figure 4.9 shows the removal rates as a function of solution pH. It can be seen that the 

highest dissolution of copper occurs in the vicinity of pH 6 (850 A/min) and the 

dissolution rate decreases rapidly at pH values above 7 and below 5. A similar trend is 

seen in the electrochemical rates (based on a 2 electron transfer), but interestingly these 

rates much lower than the actual dissolution rates. This shows that the electrochemical 

removal does not account for the total copper removed and is only a part of the removal 

mechanism. Perhaps hydroxylamine preferentially attacks the copper grain boundaries 

and causes them to detach from the bulk and thereby increases the dissolution rate. 

Copper polishing experiments were also carried out using the EC-AC tool with 4% 

silica slurry containing 0.5M hydroxylamine at a downforce of 4 psi. The removal rates 

characterized by solution analysis are also shown in figure 4.9. The polish rates follow 

the same trend as the dissolution rates with maximum removal at pH 6 (~ 1300 A/min). 

Although removal rates of the order of 3000 A/min could be achieved in a commercial 

CMP tool (due to higher relative velocities) using the above slurry, to achieve planarity 

the static dissolution rate of the low areas should be minimized. This requires the use of a 

corrosion inhibitor. 
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Figure 4.9: Removal rates of copper in 0.5M hydroxylamine solution as a function of pH. 
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4.2.2 Identification of inhibitors 

The effectiveness of benzotriazole and the hydroxamic acids as corrosion inhibitors 

was initially tested in 0.5 M hydroxylamine solutions adjusted to a pH of 6 where the 

static (-850 A/min) and removal rates (~3000 A/min) are the highest. Figure 4.10 shows 

the Tafel polarization curves for copper in hydroxylamine solutions in the presence of 

different hydroxamic acids and BTA. For comparison purpose, the polarization curve of 

copper in 0.5M hydroxylamine in the absence of any additive is also shown. The 

corrosion current density (icon) in hydroxylamine (absence of additives) system is 894 

|a,A/cm^. From the polarization curves it is evident that the presence of benzohydroxamic 

acid (BHA), octanohydroxamic acid (OHA) and acetohydroxamic acid (AHA) does not 

reduce the corrosion current density of copper in hydroxylamine solution. The 

polarization behavior in the presence of OHA and AHA is similar to that of the 

hydroxylamine (no additive) system. Benzohydroxamic acid (BHA) shows much lower 

currents in the cathodic portion of the Tafel plot, but does not reduce the corrosion 

current. The addition of benzotriazole (BTA) significantly reduces the corrosion current 

even at a concentration as low as of O.lmM. There is a striking difference in the anodic 

polarization curves for copper in solutions containing BTA and SHA. In hydroxylamine 

solutions containing SHA, copper passivates at very low over potentials. In BTAH 

containing solutions, the anodic polarization curve exhibits a nice Tafel behavior and 

reaches limiting current at large overpotentials. 

Table 4.1 lists the corrosion current densities and the Tafel slopes (anodic slope: (3a 

and cathodic slope; (3c) of copper in 0.5M hydroxylamine at pH 6, in the presence and 
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absence of various additives. Corrosion current densities of copper in the presence of 

OHA (1240 |j,A/cm^) and AHA (1080 laA/cm^) are higher than the hydroxylamine system 

without any additives. The corrosion current density is lowest for the BTA system (1.7 

2 2 |4,A/cm ) and is followed by the SHA system (102 |j,A/cm ). The open circuit potential of 

the hydroxylamine system is not significantly altered by the additives except BTA. 

Table 4.1: Corrosion current density and Tafel parameters of copper in 0.5M 
hydroxylamine solution (pH 6) in the presence and absence of additives. 

Chemistry i corr 
(^A/cm^) 

OCP vs SHE 
(V) 

pa(V) Pc (V) 

0.01 M AHA 1084 0.161 0.331 -0.456 

0.0IM OHA 1240 0.162 0.336 -0.439 

0.0001 M BTA 1.7 0.074 0.129 -0.177 

O.OIM SHA 102 0.212 0.904 -0.358 

No additive 894 0.168 0.292 -0.315 
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Figure 4.10: Tafel polarization of copper in 0.5M hydroxylamine solution (pH 6) with 
various organic additives. 
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4.2.3 Inhibition efficiency vs. inhibitor concentration: 

Corrosion experiments were carried out while rotating the samples at 220 rpm without 

abrasion in O.IM and 0.5M hydroxylamine solutions containing different levels of BTA 

and SHA. The hydroxylamine concentrations of 0.5 and O.IM are representative of 

commercially used hydroxylamine based CMP slurries and post CMP cleaning 

chemistries. The inhibition efficiencies of the two compounds were calculated from 

electrochemical (EC) and physical dissolution (AA) rates and the salient results are listed 

in Table 4.2. In the case of BTA, icon is of the order of few microamperes/cm for all 

BTA concentrations. Even though the corrosion current density is very low, the physical 

rate shows that there is some copper dissolution at lower BTA concentrations (0.5M 

hydroxylamine with 0.01 and 0.001 M BTA, O.IM hydroxylamine with 0.001 M BTA). At 

0.01 M BTA, almost no copper is removed and the inhibition efficiency is very good. 

On the other hand, both the icoir and dissolution removal rate of copper in SHA-

hydroxylamine system are dependent on the concentration of the components. For 

example, for a hydroxylamine concentration of O.IM, addition of 0.00IM SHA results in 

a icon of 185 |j.A/cm^ and 0.01 M SHA gives a icon- of 4.4 |xA/cm^. At a higher 

hydroxylamine concentration of 0.5M, addition of O.OOIM and O.OIM SHA give a 

current density of 644 and 101 |j,A/cm respectively. The same trend is seen in the 

physical rates measured. Thus the extent of protection depends on the relative 

concentration of hydroxylamine and SHA. It must be noted that at concentrations in the 

neighborhood of O.OIM, SHA provides a level of protection comparable to that offered 

by BTA. 
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Table 4.2: Effect of BTA and SHA concentration on corrosion current density, 
removal/dissolution rate (RR) and inhibition efficiency in hydroxylamine solutions at pH 
6. 

NH20H 
[M] 

BTA 

NH20H 
[M] 

BTA 
[M] 

E corr 
[mV] 

i corr 
[uA/cm2] 

Physical 
RR [A/min] 

Inhibition 
(EC) [%] 

Inhibition 
(RR) [%] 

0.1 

0.0001 213 7.35 64 96.3 20 

0.1 0.001 178 0.315 0 99.9 99.9 0.1 

0.01 19 0.05 0 99.9 99.9 

0.5 

0.0001 79 1.71 77 99.8 90.3 

0.5 0.001 165 26.6 24 97.0 97 0.5 

0.01 80 0.092 0 99.9 99.9 

SHA 

SHA 
[M] 

E corr 
[mV] 

i corr 
[uA/cm2] 

Physical 
RR [A/min] 

Inhibition 
(EC) [%] 

Inhibition 
(AA) [%] 

0.1 

0.0001 206 185.6 67 7.2 16.25 

0.1 0.001 235 10.66 5.6 94.6 93 0.1 

0.01 232 4.44 2 97.7 97.5 

0.5 

0.0001 157 644 396 27.6 51 

0.5 0.001 180 193 206 78.3 74.25 0.5 

0.01 194 101 0 88.6 99.9 
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4.2.4 Characterization of copper surface 

4.2.4.1 AFM - Surface topography 

The topography of the copper surface after treatment in various chemistries was 

examined using an atomic force microscope. The surface of a copper film polished in a 

CMP tool was first imaged in air to be used as a baseline. Figure 4.11a shows the 

polished copper surface (5 |j.m x 5 (xm) with no distinct features on it. The roughness (Ra) 

of the polished copper surface was 3.0 A. A similar polished copper film was exposed to 

0.5M hydroxylamine solution at pH 6 for 1 minute. Then the sample was rinsed with DI 

water, dried with nitrogen gas and the surface was imaged (figure 4.11b). The sample 

exposed to hydroxylamine shows that the copper surface has been severely etched with a 

surface roughness of 133 A. It can be seen that copper grains are missing in some areas 

while the grain boundaries have been etched forming deep trenches. From the image it is 

clear that the grain boundaries are preferentially attacked causing the grains to fall off 

This clearly explains the discrepancies between the electrochemical and actual 

dissolution rate of copper in hydroxylamine based solutions seen in figure 4.9. 

The effect of inhibitors (added to hydroxylamine) on the topography of copper surface 

was also studied. Polished copper samples were exposed to 0.5M hydroxylamine solution 

(pH 6) containing 0.01 M SHA and BTA and the surface was examined using an AFM in 

air. Figure 4.12 shows the polished surface (1 [im x 1 jxm) that was exposed to BTA 

containing hydroxylamine solution for Iminute. It can bee seen that there is no surface 

damage due to etching as seen in the absence of BTA. The surface is uniformly covered 

by small granular structures. The size of the granular structure (diameter < 40 nm) is too 
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large to be a single BTA or Cu-BTA molecule, but it indicates that the adsorbed BTA and 

Cu-BTA compounds group to form nodules. The surface roughness (Ra) is about 13 A, 

slightly higher than the polished copper surface but much lower than the surface etched 

by hydroxylamine. Figure 4.13a shows the copper surface (1 |xm x 1 |j,m) exposed to 

SHA containing hydroxylamine solution. The presence of SHA protects the etching of 

copper and the copper surface is intact. The surface roughness is about 11 A. Similar to 

BTA system, the copper surface is covered with nodules of Cu-SHA complexes. The 

average size of the Cu-SHA nodules is ~ 80 nm. Copper surface that was exposed to 

SHA chemistry for 2 minutes (5 |a.m x 5 |J,m) is shown in figure 4.13b. Majority of the 

Cu-SHA nodules are about 80 nm in diameter, while there are some spherical nodules as 

big as 200 nm in diameter distributed over the surface. This clearly shows that the Cu-

SHA precipitates on the surface continue to grow till they finally detach fi"om the surface. 
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Figure 4.11; AFM topographic images (5 (im x 5 jam) of, a) polished copper surface and 
b) polished copper surface exposed to 0.5M hydroxylamine (pH 6) for Iminute. 
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Figure 4.12: AFM topographic image of copper surface (1 |j,m x 1 |xm) exposed to 0.5M 
hydroxylamine containing 0.01 M BTA (pH 6). 
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Figure 4.13: AFM topographic images of copper exposed to 0.5M hydroxylamine 
containing O.OIM SHA, a) 1 minute exposure (1 jim x 1 ^m) and b) 2 minute exposure (5 
}xm x 5 i^m). 
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4.2.4.2 AFM - Adhesive force 

The adhesive force between copper surface and abrasive particles and other 

particulates present in the slurry is an important factor to be considered during CMP and 

post CMP cleaning. The magnitude of the adhesive force determines the effectiveness of 

the post CMP cleaning process where the adhered material has to be removed. 

The adhesive force between the copper surface and a reference material, a silicon 

nitride AFM tip in this case, was characterized by performing the Force-Distance 

spectroscopy measurements using the AFM. Figure 4.14a shows the force-distance curve 

obtained in air on a copper sample which was exposed to 0.5M hydroxylamine containing 

O.OIM BTA (pH 6). When the tip is moved towards the surface, the force remains zero 

before the tip touches the sample. Once the tip touches the sample surface, the force 

constantly increase as the tip is pushes against the surface. During the reverse cycle as tip 

is retracted back, the force decreases in the same rate. Instead of following the response 

seen in the forward cycle, a negative force is measured as tip remains in contact even as it 

is being pulled away from the surface. This is due to the adhesive force between the 

sample surface and the tip. Once the adhesive force is overcome by the force applied to 

pull the tip, the tip is snapped away from the surface showing a sudden decrease in the 

magnitude of the force. The magnitude of the force measured in the negative direction is 

the adhesive force between the sample and the tip. In the case of copper sample treated 

with BTA chemistry (Cu-BTA layer on the surface) the measured adhesive force is 32 

nN. It should be noted that the adhesive force between a fresh copper surface and the 

AFM tip was 31 nN which is of the same order of Cu-BTA covered surface. 
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Figure 4.14b shows the force-distance behavior of copper sample exposed to SHA 

chemistry. The overall behavior of the Cu-SHA surface is similar to that of the Cu-BTA 

surface. The adhesive force between the tip and the Cu-SHA surface is 72 nN, much 

larger than that of bare copper surface. Another important behavior to be noted is the 

slope of the reverse cycle. The slope of the force-distance curve on the retracting cycle 

(figure 4.14b) changes midway. This is due to some surface deformation or material on 

the surface being pulled along with the tip. It should be noted that the Cu-BTA surface is 

very intact and does not show this behavior. 

In both the cases the measured adhesive force is between the copper surface and the 

AFM tip material (Silicon nitride). The actual adhesion force between the copper surface 

and other materials (like abrasive in the slurry) could be different. This study gives a 

relative comparison between the copper surfaces treated with BTA or SHA with 

reference to silicon nitride. 
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Figure 4.14: Force-distance curves (adhesion force) of copper surfaces exposed to 0.5M 
hydroxylamine solution (pH 6) containing a) O.OIM BTA and b) O.OIM SHA. 
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4.2.4.3 XPS characterization of passive layer 

Copper films exposed to 0.5M hydroxylamine solution (pH 6) containing 0.0IM BTA 

or SHA were characterized using XPS. The XPS spectra of the copper surface exposed to 

BTA containing solution for 1 minute (rinsed with DI water and dried) are shown in 

figure 4.15. The spectrum in figure 4.15a shows the presence of carbon (C Is peak at 

285.3 eV), nitrogen (N Is peak at 400.6 eV), oxygen (O Is peak at 532.5 eV) and copper 

(Cu 2p peaks at 932.4 and 952.2 eV) on the sample surface. From the area of the 

individual peaks the atomic concentrations of the elements were determined and these are 

tabulated in table 4.3 (Copper = 15.48%, Carbon = 56.08%, Oxygen = 8.21% and 

Nitrogen = 20.22%). The ratio of carbon to nitrogen calculated from the XPS data is 2.8, 

which is close to the actual ratio of carbon and nitrogen in a BTA molecule (3). This 

confirms the presence of BTA on the sample surface. The copper-BTA complex (Cu-

C6H5N3) would have an elemental ratio of Cu: C; N of 1: 6: 3. The atomic concentration 

obtained from the XPS spectrum gives a ratio of Cu: C: N = 1: 3.6: 1.3. The higher 

amount of copper is perhaps due to the penetration of the X-rays in to the bare copper 

below the Cu-BTA surface. 

Figure 4.15b shows the presence of distinct copper 2p3/2 and 2pi/2 peaks without any 

shake-up satellite peaks. This indicates the absence of any Cu^^ (cupric) states on the 

surface, but the copper could be in an unoxidized (Cu*^) or cuprous (Cu^) state. The 

copper Auger peaks shown in figure 4.16a reveal the presence of a strong Cu^ peak at 

571.0 eV and a small Cu° peak at 568.0 eV. This shows that majority of the copper 

detected is in cuprous state, due to a cuprous-BTA complex. The ground state (Cu") of 
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copper is detected is most likely due to the penetration of the X-ray below the cuprous-

BTA layer on the surface, as surmised earlier. Thus from the XPS analysis, it can be 

concluded that the passive film is a cuprous-BTA film. Literature reports indicate that the 

cuprous-BTA film is polymeric and the structure of the polymeric cuprous-BTA is shown 

in figure 4.16b. Cuprous ion forms a complex with a BTA" ion by bonding with the 

deprotonated Ni atom while the N3 atom from a different BTA or cuprous-BTA molecule 

establishes a co-ordinate covalent bond with the complexed copper. Thus several 

cuprous-BTA molecules are attached to each other forming a polymeric chain. 

Table 4.3: Atomic concentrations of elements detected on copper sample exposed to 
0.5M hydroxylamine solution containing 0.01 M BTA. 

Element Binding energy (eV) Atomic concentration % 

Cu 952.2 15.48 

C 285.3 56.08 

0 532.5 8.21 

N 400.6 20.22 
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Figure 4.15: XPS spectra of copper surface exposed to 0.5M hydroxylamine containing 
O.OIM BTA showing, a) presence of Cu, C, N and O peaks and b) absence of shake up 
satellite peaks between Cu 2pi/2 and Cu 2p3/2. 
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Figure 4.16; a) XPS Auger peaks of copper sample exposed to 0.5M hydroxylamine 
solution containing O.OIM BTA showing a strong Cu'^ peak, b) Structure of Cuprous-
BTA polymeric passive film. 
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Figure 4.17 shows the XPS spectra of the copper surface exposed (1 minute) to 0.5M 

hydroxylamine solution containing O.OIM SHA. The spectrum in figure 4.17a shows the 

presence of carbon (C Is peak at 285.3 eV), nitrogen (N Is peak at 400.6 eV), oxygen (O 

Is peak at 532.5 eV) and copper (Cu 2p peaks at 934.8 and 954.8 eV) on the sample 

surface. The area of the individual peaks was used to calculate the atomic concentrations 

of the elements tabulated in table 4.4 (Copper = 9.12%, Carbon = 55.52%, Oxygen = 

27.22% and Nitrogen = 8.14%). The ratio between carbon, oxygen and nitrogen fi-om the 

XPS data is 6.82: 3.34: 1, which is close to the actual ratio of carbon, oxygen and 

nitrogen in a SHA molecule (7: 3: 1). This shows the presence of SHA on the sample 

surface. The copper-SHA complex (CU-C7H7NO3) would have an elemental ratio of Cu: 

C: O: N of 1: 7: 3: 1. The atomic concentration obtained from the XPS spectrum gives a 

ratio of Cu: C: O: N = 1.1: 6.82: 3.34: 1, which proves the presence of a 1: 1, Cu-SHA 

compound on the sample surface. 

Figure 4.17b shows the 2p peaks of copper. The 2p3/2 peak is at 954.8 eV and 2pi/2 

peak is at 934.8 eV. Unlike the BTA treated samples, there are two shake-up satellite 

peaks at 944 and 964 eV. This indicates that copper is in Cu (cupric) state on the 

surface. Thus the copper-SHA layer on the surface is a cupric compound. 

According to reports in the literature, the insoluble cupric complex of copper-SHA 

would have two SHA molecules attached to each copper as shown in figure 4.18a. This 

would have a Cu: C: O: N ratio of 0.5: 7:3:1, but as stated earlier the XPS results show a 

Cu: C: O: N ratio of 1.1: 6.82: 3.34: 1. The high amount of copper seen in the XPS results 

can be explained if the precipitate is a cupric-hydroxy-SHA compound, which would be 
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characterized by a Cu: C: O: N ratio of 1: 7: 4: 1. Perhaps the presence of hydroxylamine 

and the pH conditions (pH 6) in which the passive film was obtained lead to the 

formation of a cupric-hydroxy-SHA compound (shown in figure 4.18b) that forms a 

protective layer on copper surface. 

Table 4.4; Atomic concentrations of elements detected on copper sample exposed to 
0.5M hydroxylamine solution containing O.OIM SHA. 

Element Binding energy (eV) Atomic concentration % 

Cu 954.8 9.12 

C 285.3 55.52 

0 532.5 27.22 

N 400.6 8.14 
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Figure 4.17: XPS spectra of copper samples exposed to 0.5M hydroxylamine solution 
containing 0.0 IM SHA showing a) presence of Cu, C, N and O peaks and b) presence of 
shake-up satellite peaks between Cu 2pi/2 and Cu 2p3/2. 
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Figure 4.18: Structure of a) Cupric-SHA compound and b) Cupric-hydroxy-SHA 
compound. 
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4.2.5 Passivation kinetics of copper 

To characterize the kinetics of formation of passive film, experiments were carried out 

using a quartz crystal microbalance (QCM). In these experiments, copper films were 

electrodeposited on a QCM crystal and were exposed to hydroxylamine chemistries 

containing the inhibitors and the mass of the copper film was monitored with time. When 

copper (copper film on QCM crystal) was exposed to 0.5M hydroxylamine solution in the 

absence of any inhibitor, approximately 50 |xgm/cm of copper was dissolved in one 

minute. The mass change and passivation kinetics in the presence of inhibitors is 

discussed in the following sections. 

4.2.5.1 Copper in hydroxylamine solution with BTA 

Figure 4.19 shows the mass change of the copper coated QCM crystal when exposed 

to 0.5M hydroxylamine solution containing 0.01 M BTA at pH 6. It can be seen that the 

mass rapidly increases as soon as the copper sample was immersed in the chemistry, 

preventing loss of copper. After a maximum mass of 0.14 |j.gm/cm is reached, the mass 

remains constant at 0.12 |4,gm/cm^ for about 4 minutes. The measured mass of 0.12 

|xgm/cm^ is equivalent to 6.06 x lO'"* molecules of BTA. The BTA molecules can adsorb 

on to the copper surface in two different orientations. The aromatic ring either stands 

upright (perpendicular to the copper surface) or lays flat on the surface [4.12, 4.13]. 

Theoretical calculations based on the assumption that the BTA molecule stands upright 

(approximate cross sectional area 30 A^), shows that 3.3 x lO'"^ BTA molecules are 

required to form monolayer coverage on Icm^ copper surface. On the other hand, 
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calculations based on the assumption that the BTA molecules lay flat (approximate cross 

sectional area 60 A^) on the copper surface, shows that 1.6 x lO'"^ BTA molecules are 

required to form monolayer coverage on 1cm copper surface. From these calculations it 

can be concluded that the rapid increase in mass is due to multilayer adsorption of BTA 

(2 or 4 layers depending on orientation) on to the copper surface. The adsorbed BTA in 

the first layer simultaneously forms a cuprous-BTA polymeric complex as indicated by 

the XPS data, while the subsequent BTA layers attach by physisorption. Any small 

decrease in mass is due to the removal of loosely adsorbed BTA. 
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Figure 4.19: Mass change experienced by the copper film when exposed to 0.5M 
hydroxylamine containing 0.01 M BTA at pH 6. 
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Figure 4.20: Mass change of the copper film when exposed to a) 0.5M hydroxylamine 
solution containing 0.01 M BTA and b) 0.5M hydroxylamine solution for 2minutes and 
then 0.0IM BTA added to the solution. 



162 

A second type of test was carried out in which the copper coated QCM crystals were 

exposed to 0.5M hydroxylamine and allowed to dissolve for 2 minutes, then sufficient 

amount of BTA was added to the solution to reach 0.0 IM BTA. Figure 4.20 compares the 

change in mass of the copper film hydroxylamine solution containing BTA (case A) and 

hydroxylamine solution where BTA was added after 2 minutes (case B). The addition of 

BTA instantly stops the mass loss due to dissolution. The extent of dissolution in case B 

before BTA addition is so large that the mass transients during passivation are too small 

to be seen in the figure. In figure 4.21 the x-axis or time scale for case B is normalized 

such that only the change in mass after the BTA addition is shown. It can be seen that as 

soon as copper is exposed to BTA the mass starts increasing. The increase in mass is 

more rapid in the case where the sample was initially exposed to hydroxylamine (case B) 

and saturates at a much higher value of 0.5 |j.gm/cm^. In case A, BTA adsorption is 

limited by the available copper area and once a monolayer of BTA adsorbs, it forms a 

Cu-BTA layer. Further adsorption of BTA on the cuprous-BTA layer is possible but is 

not very stable as there is no available copper to from the cuprous complex. In case B, 

the dissolution (2 minutes) leaves abundant copper ions in the solution. At the instant 

when BTA was added, the copper ions at the copper/hydroxylamine solution interface get 

complexed with BTA and get adsorbed or precipitated on the copper surface. The higher 

mass increase shows that multiple layers of cuprous-BTA get precipitated on the copper 

surface. Unlike case A where the mass increase is just due to BTA adsorption, in case B 

the increase in mass is due to precipitation of copper-BTA complex. Hence the mass of 

the copper film in case B is larger than that in case A. 
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The transients of the open circuit potential (OCP) of copper in the above solutions are 

shown in figure 4.22. In case A, where the copper was directly immersed in 

hydroxylamine solution containing BTA, the OCP remains constant at around 0.11 V vs. 

SHE as the BTA adsorption occurs instantly without allowing the copper to dissolve. On 

the other hand, in the case where BTA was added to the solution in which copper was 

exposed (case B), the OCP was around 0.07 V vs. SHE for 2 minutes as copper 

dissolution occurred in hydroxylamine (no Cu-BTA protective film). When BTA was 

added, the OCP rapidly shifts to higher values in the range of 0.12V vs. SHE within 

seconds due to the formation of a multilayer Cu-BTA protective film. 

Electrochemical Tafel polarization measurements were made on the copper sample 

exposed to 0.5M hydroxylamine solution (pH 6) with O.OIM BTA at different time 

intervals. The potential was scanned 300 mV above and below the OCP at a scan rate of 

10 mV /sec. Since the polarization measurement took 1 minute for completion, the scan 

was initiated 30 seconds before the reported time and ended at 30 seconds after. The 

dissolution rates estimated from the corrosion current densities of the Tafel plots are 

shown in figure 4.23. At all times, the estimated rates are lower than 0.8 A/min. 
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Figure 4.21: Mass change of the copper film when exposed to a) 0.5M hydroxylamine 
solution containing O.OIM BTA and b) 0.5M hydroxylamine solution for 2minutes and 
then O.OIM BTA added to the solution (normalized time). 
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Figure 4.22: Change in OCP of copper film when exposed to a) 0.5M hydroxylamine 
solution containing O.OIM BTA and b) 0.5M hydroxylamine solution for 2minutes and 
then O.OIM BTA added to the solution. 
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Figure 4.23: Estimated RR from electrochemical measurements (stars) of the copper film 
exposed to 0.5M hydroxylamine solution (pH 6) containing O.OIM BTA. 
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4.2.5.2 Copper in hydroxylamine solution with SHA 

Figure 4.24 shows the mass change of the copper film when exposed to 0.5M 

hydroxylamine solution containing 0.01 M SHA at pH 6. Unlike the case of BTA system 

(mass increase followed by plateau), the mass of copper film decreases in the SHA 

system. The mass transients can be split in to 4 regions: 1) rapid decrease in mass 

indicating the rapid dissolution of copper, 2) slight increase in mass possibly due to 

formation of passive layer, 3) decrease in mass due to film break and 4) simultaneous 

film repair and dissolution. It should be noted that in the absence of SHA, the copper film 

would lose nearly 50 |j,gm/cm^ in a minute. A rate of similar order can be obtained by 

extrapolating the region 1 of the dissolution curve. This clearly shows that even in the 

presence of SHA, copper dissolves initially before a passive surface is formed. 

Figure 4.25 compares the change in mass of the copper film on the QCM crystal in a 

hydroxylamine solution containing 0.0IM SHA (case A) and hydroxylamine solution 

where SHA was added after 2 minutes (case B). The addition of SHA drastically reduces 

the mass loss due to dissolution. The extent of dissolution in case B before SHA addition 

is so large that the small mass transients during passivation are difficult to see in the 

figure. In figure 4.26 the x-axis or time scale for case B is normalized such that only the 

change in mass after the addition of SHA is shown. It can be seen that as soon as SHA is 

added in the hydroxylamine solution (in which copper is exposed), the mass change is 

very small. This is very much different fi^om the condition where copper is exposed to 

hydroxylamine containing SHA. The dissolution of copper before the addition of SHA 

leaves enough copper ions in the copper/hydroxylamine solution interface. 
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Figure 4.24: Mass change experienced by a copper film exposed to 0.5M hydroxylamine 
containing 0.01 M SHA at pH 6. Also shown are the various regions: 1) Rapid 
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and dissolution. 

20-1 

-  -20-

I O) 
3 -60-

0.01 M SHA 
0.01M SHA, after 2 min etching 

0) D) 
c - 8 0 -
01 
JZ u 
M (0 
S -120-

-140-

10 0 2 4 6 8 

Time, (min) 

Figure 4.25: Mass change of the copper film when exposed to a) 0.5M hydroxylamine 
solution containing O.OIM BTA and b) 0.5M hydroxylamine solution for 2minutes and 
then O.OIM BTA added to the solution. 
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So as soon as SHA is added, it complexes with the free copper ions and forms a 

passive film on the copper surface. Hence the initial dissolution seen in case A is absent. 

This clearly shows that SHA needs some free copper ions at the copper/solution interface 

to complex and form a protective layer by precipitation on copper surface. 

The transients of the open circuit potential (OCP) of copper in the above solutions are 

shown in figure 4.27. When the copper sample was directly immersed in hydroxy!amine 

solution containing SHA, the OCP gradually falls to lower values. At about 4 minutes, 

when a steady state is reached between the passive film repair and dissolution, the OCP 

starts rising and flattens at around 0.075V vs. SHE. In case B, the OCP was around 0.07 

V vs. SHE due to dissolution in hydroxylamine. When SHA was added, the OCP stays 

constant for 2 minutes (no decrease as in case A) and then gradually increases before it 

becomes constant at 0.1 IV vs. SHE. The difference in the final OCP values is due to the 

difference in the amount of dissolved copper in the solution. 

Electrochemical Tafel polarization measurements made on the copper sample exposed 

to 0.5M hydroxylamine solution (pH 6) with O.OIM SHA at different time intervals were 

used to estimate the removal rates. The dissolution rates estimated from the corrosion 

current densities of the Tafel plots along with the actual change in thickness of the copper 

film are shown in figure 4.28. The estimated dissolution rate at 30 seconds is 

approximately 26 A/min, which matches with the actual change in thickness. With 

increase in time the estimated rate keeps falling and reaches a steady state of about 6 

A/min, which is again comparable to the dissolution rate at region 4 where there is 

protection along with some dissolution. 
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Figure 4.26: Mass change of the copper film when exposed to a) 0.5M hydroxylamine 
solution containing 0.01 M SHA and b) 0.5M hydroxylamine solution for 2minutes and 
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4.2.6 Mechanism of passivation 

The QCM studies on dissolution of copper in hydroxylamine system with inhibitors 

gives an insight into the mechanism by which passivation occurs. A mechanism for the 

passivation of copper in hydroxylamine solutions containing BTA or SHA will now be 

proposed. 

4.2.6.1 Copper-BTA 

Passivation of copper by BTA occurs in two steps. When the copper surface is 

exposed to a solution containing BTA, rapid adsorption of BTA occurs on the copper 

surface as shown in figure 4.29. The adsorption of BTA is accompanied by the 

simultaneous chemical bonding between copper to form a cuprous-BTA polymeric 

passive layer. The overall kinetics of the two steps is extremely fast that they cannot be 

differentiated. This may be followed by the physisorption of BTA on the cuprous-BTA 

monolayer. 

4.2.6.2 Copper-SHA 

Passivation of copper surfaces by SHA occurs in a series of steps. The formation of 

the copper-SHA complex requires some free copper ions in the solution. In the absence 

of free copper ions, copper is allowed to dissolve from the surface as shown in figure 

4.30. The dissolved copper, complexes with the SHA to form Cu(SHA)^ ions, which 
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adsorb on the copper surface and form a polymeric film with the copper-SHA complexes 

in the adjacent site. 
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a) 

Figure 4.29: Schematic of the mechanism of copper passivation by BTA in 
hydroxylamine solutions; a) Physisorption of BTA on copper, b) Formation of cuprous-
BTA surface layer. 

Cu 

a) 

Figure 4.30: Schematic of mechanism of copper passivation by SHA in hydroxylamine 
solution; a) Copper dissolution, b) Complexation of dissolved copper by SHA, c) 
formation of Cu-SHA polymeric film on copper surface. 
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4.2.7 Repassivation of copper surface: 

To study the repassivation of the copper surface when an existing passive film is 

broken, the copper film was first exposed to hydroxylamine solution containing the 

inhibitor (SHA or BTA) allowing the formation of passive film. After 5 min, the sample 

was anodically polarized at an overpotential of 700 mV (for 5 minutes) to break the 

passive layer. Then the anodic polarization was stopped and the Tafel polarization was 

run to obtain the corrosion current density. Figure 4.31 shows the corrosion current 

density of the copper film exposed to 0.5M hydroxylamine solution (pH 6) containing 

O.OIM BTA or O.OIM SHA(pH 6) before and after the passive film was damaged. The 

vertical line in the middle of the plot separates the icorr of the original passive film and the 

film formed after the original film was broken by anodic polarization. In the case of BTA 

system, the icon- is very small of the order 1 (xA/cm for the original passive layer. When 

the Cu-BTA film is disturbed by polarization and a fi-esh Cu-BTA film is formed, the icon 

is of the order of 80 [xA/cm . The loss in passivity of the new film could be due to partial 

coverage of the copper surface by BTA leading to a porous passive film. On the other 

hand, the repassivation of copper by SHA does not seem to be affected by the 

polarization. The icoir of copper with the original and repassivated film is of the same 

order (40-50 |i,A/cm^). 

Repassivation kinetics of the copper surface after film damage due to abrasion was 

also studied by monitoring the OCP of the copper surface. Figure 4.32 shows the 

variation in open circuit potential (OCP) of copper samples in 0.5M hydroxylamine 

solution containing an inhibitor when experimental conditions are changed from abrasion 
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to static mode. In all the cases shown, the OCP increases when abrasion is stopped, but 

the rate of increase strongly depends on the chemical system. In the absence of any 

inhibitor, the shift in OCP is very small due to absence of any passivation. In the case of 

the BTA system (0.01 M BTA), the OCP instantly shifts to a higher value of 150 mV 

from 100 mV. This shows that the protective Cu-BTA film forms instantly when the 

abrasion is stopped. In the case of the SHA system (0.0 IM SHA), the OCP initially shifts 

to a slightly more negative value and then gradually increases before it reaches a steady 

value. This is similar to the trend seen in the passivation kinetic study. 

Linear polarization experiments were carried out in 0.5 M hydroxylamine solutions 

with a 10 mV perturbation both under static and polishing conditions. Figure 4.33 shows 

the linear polarization curves of copper and the calculated polarization resistance 

(Rp=E/I) is tabulated in table 4.5. In the absence of any inhibitor, the polarization 

resistance during polishing and static conditions is very close. Polishing or abrading the 

sample simply shifts the open circuit potential to a slightly higher value. In the presence 

of 0.0 IM BTA, the polarization resistance is very high even during polishing (Rp 

static=5xlO^ Q, Rp abrasion=2000 Q). This indicates that BTA forms a tenacious film on 

freshly formed copper surface. The OCP of the copper film shifts to a lower value when 

the film is abraded. In the presence of 0.0IM SHA, the Rp during static conditions 

(625Q) is higher than that under polishing conditions indicating that the inhibitor film is 

not very stable and/or does not rapidly form under polishing conditions. It can be clearly 

seen that, BTA provides a stronger protection than SHA. 
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Figure 4.33: Linear polarization of copper under polishing and static conditions in 0.5 M 
hydroxylamine solution (pH 6) in the presence and absence of inhibitors (BTA or SHA). 

Table 4.5: Polarization resistance of copper in 0.5M hydroxylamine solution (pH 6, in the 
presence and absence of inhibitors) during static and polishing conditions. 

Rp (fl) Polishing Rp (Q) Static 

No Inhibitor 110 180 

O.OIM SHA 178 625 

O.OIMBTA 2000 X
 o
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4.2.8 Passive film - Implications on post CMP cleaning 

The CMP process is followed by a post CMP cleaning step. It is likely that the 

inhibitors present in CMP slurry may remain on the copper surface after the planarization 

step. The post CMP cleaning process should ideally remove any adsorbed film of 

inhibitor. 

4.2.8.1 Stability of the passive film 

To understand the stability of inhibitor films in hydroxylamine based post-CMP clean 

formulations, copper samples were first treated in 0.5M hydroxylamine solution 

containing 0.01 M BTA or SHA to allow the passive film formation, rinsed in DI water 

and then exposed to O.IM hydroxylamine solution without any inhibitor. Figure 4.34 

shows the polarization curves for the copper samples with and without any protective 

layer. The sample exposed to BTA shows a lower icorr than bare copper, suggesting that 

the Cu-BTA film is stable in 0.1 M hydroxylamine solution (which has no inhibitor). On 

the other hand, the sample which had a Cu-SHA protective layer does not show any sign 

of passivation when exposed to the cleaning solution without any inhibitor. The 

polarization behavior and icorr are similar to that of a bare (untreated) copper sample. This 

suggests that the Cu-SHA protective film can be easily dissolved by hydroxylamine 

based cleaning chemistries. In case any passivation is needed in the cleaning process, 

additional inhibitor should be added to the cleaning chemistry. In the case of the Cu-BTA 

film, it is not possible to remove the passive layer by using a mild chemistry. Mechanical 

forces, such as scrubbing would be needed. 



Bare copper 

Copper with SHA passive film 

Figure 4.34: Polarization of copper films with and without any passive layer (protective 
layer) in 0.1 M hydroxylamine (pH 6). 
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4.2.8.2 Wetability of the passive films 

The ability of water to wet the copper surface would affect the effectiveness of a 

cleaning process. The wetability of passive films obtained fi"om SHA and BTA 

chemistries were determined by measuring the contact angle made by DI water on the 

passive surfaces. Contact angle measurements done on bare copper and copper samples 

treated with BTA containing hydroxylamine solutions revealed that the Cu-BTA film is 

relatively hydrophobic compared to bare copper (0bare copper^45°, 0cu-bta='74°). In 

contrast, the samples treated with SHA were found to be extremely hydrophilic (0cu-

sha<5°). This implies that it would be difficult to wet copper surfaces covered with Cu-

BTA passive layer during cleaning. 

4.2.9 Removal rates during abrasion 

Removal rates of copper under abrasion condition were obtained using the EC-AC 

tool at a pressure of 4 psi. A 4% silica slurry with 0.5M hydroxylamine at pH 6 was used. 

A comparison of the polish rates and static etch rates is shown in figure 4.35. In the 

absence of any inhibitor (BTA or SHA) the static etch rate was 850 A/min and the polish 

rate was 1200 A/min. Polishing of copper surfaces with topography using this chemistry 

would result in the static etching of the recessed area at a rate of 850 A/min while the 

high areas were polished at 1200 A/min. The lack of selectivity in removal between the 

high and low areas clearly shows that planarity cannot be achieved unless the static 

etching of the low area is prevented. In the presence of 0.01 M BTA or SHA, the static 

etch rate was less than 1 A/min and the polish rates were 170 and 400 A/min 
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respectively. This shows that the high areas can be removed by polishing while the low 

areas are completely protected, but the removal rates are low. It should be noted that the 

relative velocities achieved in the laboratory EC-AC tool is very low compared to the 

commercial tools and hence a polish rate of 400 A/min in an EC-AC tool could scale up 

to 4000 A/min in a commercial CMP tool. 

The figure also shows the static and removal rates with lower concentration of the 

inhibitors. At a (BTA or SHA) concentration of 0.005M, the polish rates improved to ~ 

1100 A/min with a small increase in static etching ( 20 A/min and 60 A/min with 0.005M 

BTA and SHA respectively). In a commercial tool the polish rates are expected to scale 

up above 5000 A/min, while the static etch rates would remain at 20 and 60 A/min with 

0.005 M BTA and SHA. Thus planarity can be achieved without compromising the 

removal rates. 
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Figure 4.35: Removal rates of copper in the presence and absence of abrasion in 4% silica 
slurry containing 0.5M hydroxylamine (pH 6, with and without inhibitors). 
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4.3 Evaluation of chemistries for ECMP 

4.3.1 Removal of copper in citric acid based chemistry 

Copper dissolution rates in citric acid based chemistries were studied as a function of 

anodic overpotentials (t]). Copper samples exposed to the solution were maintained at 

different anodic potentials and the current vs. time profile was recorded. These profiles 

shown in figure 4.36 were used to estimate the electrochemical (EC) removal rate based 

on a 2 electron transfer process. In estimating the EC rates, it was assumed that all the 

current measured was due to copper dissolution. The actual dissolution rate was obtained 

by measuring the amount of copper in solution by atomic absorption spectroscopy (AA). 

Figure 4.37a compares the actual dissolution rates and rates estimated from the current 

profile. At 0.01 M citric acid (pH 4), the dissolution rate measured by atomic absorption 

spectroscopy (AA) and electrochemical measurements (EC) at OCP (zero overpotential) 

was less than 10 A/min. The dissolution rates gradually increased with increase in anodic 

overpotential. At all potential conditions the physical dissolution rates (AA) and the 

electrochemical rates (EC) were in good agreement. The figure also shows the dissolution 

rates in 0.01 M citric acid containing 2M hydrogen peroxide (pH 4). The combination of 

citric acid and hydrogen peroxide increases the copper dissolution rate (AA) to 600 

A/min even at OCP conditions, but the rate obtained from electrochemical measurements 

for the same condition was only 20 A/min. Copper dissolution rate (AA) reached a 

plateau value of approximately 800 A/min at an overpotential of 150 mV. The 

electrochemical rates show a dependence on the overpotential but are very low compared 

to the actual dissolution rates. The disagreement between the actual rates (AA) and 
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electrochemical rates (EC) suggests that the removal mechanism is not truly 

electrochemical. Reports in literature indicate that the combination of hydrogen peroxide, 

amino acid (glycine) and copper, produced hydroxyl radical [4.14], Perhaps the 

combination of copper, hydrogen peroxide and citric acid follows a similar mechanism 

and results in the removal of copper through grain boundary attack. 

Figure 4.37b compares the removal rates (physical removal rate, AA) of copper in 

0.5% silica slurry containing O.OIM citric acid and 2M hydrogen peroxide under abrasion 

and no abrasion conditions. The removal rates under abrasion condition are higher 

compared to the dissolution rates (no abrasion) at identical potential conditions; the 

difference is of the order of 400 A/min. It can also be seen that the removal/polish rates 

are equal at both the 2 psi and 9 psi downforce suggesting that the removal rate increases 

(compared to dissolution rates) on mere pad contact and is independent of downforce 

above 2 psi. The polish rates increase with the overpotentials (950 A/min at OCP and 

1200 A/min at an overpotential of 450 mV), but the increase is not very large (250 A/min 

over a potential range of 450 mV). Thus the citric acid based chemistry does not provide 

a large improvement in the removal rates under ECMP conditions. 
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Figure 4.36; Representative current vs. time profile from potentiostatic polarization of 
copper at various anodic overpotentials in 0.01 M citric acid chemistries. 
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4.3.2 Removal of copper in hydroxylamine based chemistry 

Copper removal (dissolution) rates in 0.5M hydroxylamine solution (pH 6) as a 

function of anodic overpotential is shown in figure 4.38. Dissolution rate obtained from 

the analysis of copper concentration in the solution by atomic absorption spectroscopy 

(AA) measurement was 850 A/min at the OCP and increased to 2400 A/min at an 

overpotential of 250 mV. Interestingly, the dissolution rate decreases above 250 mV (~ 

1200 A/min). The electrochemical rates (EC) obtained from the current vs. time 

measurements, gradually increases with overpotential. The EC rate is much smaller than 

the actual dissolution (AA) rate at OCP condition. At higher overpotentials, the EC rate is 

higher than the actual dissolution rate. It should be noted that the electrochemical rates 

were calculated based on the assumption that the measured current was only due to 

copper dissolution. 

At this point an attempt will be made to explain decrease in actual copper dissolution 

rates at higher anodic overpotentials. The potential-pH diagram of hydroxylamine-water 

system along with the redox potentials (shown in circles) of 0.5M hydroxylamine 

solution is shown in figure 4.39. Hydroxylamine species: NH2OH and NHsOH^ and 

nitrogen species: NO, NO2', HNO2, NO3", HNO3, H2N2O2, HN2O2" and N202^" were 

included in the construction of the potential-pH diagram. The overpotentials at which 

copper dissolution was studied (in figure 4.38) are also marked by "star" symbols in the 

figure. The OCP of copper at pH 6 (200 mV vs. SHE) lies on the border of the stability 

region between NO and H2N2O2. As mentioned in the background section, copper 

dissolution in hydroxylamine chemistry at pH 6 involves the reduction of nitric oxide 
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(NO) to hyponitrous (H2N2O2) via nitroxyl (HNO or NO") intermediate. At an 

overpotential of 250 mV (450 mV vs. SHE), reduction of NO to hyponitrous is enhanced 

by the appHed potential casing an increase in copper dissolution. At overpotentials of 500 

and 750 mV (700 and 950 mV vs. SHE) the potential-pH diagram predicts that NO3" is 

more stable than NO species. This could be the reason for the fall in actual copper 

dissolution rates (AA) at higher overpotentials. The current recorded in electrochemical 

measurements has contributions from other side reactions such as hydroxylamine 

oxidation along with copper oxidation and hence the EC dissolution rate appears to be 

higher than the actual dissolution rates at higher overpotentials. 

Although the actual dissolution rates do not steadily increase as a function of 

overpotential, a very high rate of 2400 A/min was obtained at 250 mV overpotential. 

ECMP at this potential condition would yield very good rates, but would not have any 

selectivity between the low and high areas. One way to control the dissolution of the low 

areas is to use corrosion inhibitors. The effectiveness of BTA and SHA under anodic 

potential conditions was tested. Figure 4.40 shows the dissolution rates of copper as a 

function of anodic overpotentials in 0.5M hydroxylamine solution in the presence and 

absence of inhibitors. In the presence of O.OIM BTA and SHA, the dissolution rates are 

very low at OCP and at an overpotential of 250 mV. At overpotentials above 250 mV, the 

rate of copper dissolution increases. At an overpotential of 750 mV, BTA offers very 

little protection to copper (1800 A/min), while SHA offers some protection (300 A/min). 

Anodic polarization curves shown in figure 4.41 may be used to explain this dissolution 

behavior. It can be seen that in the presence of SHA and BTA, the corrosion current is 
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very low compared to the case where no inhibitor was present. Above the OCP, both 

BTA and SHA show a passivation behavior up to an overpotential of 250 mV and hence 

good protection of copper was obtained at that potential condition. Above an 

overpotential of 250 mV, the polarization curves show a rapid increase in current as the 

passivation layer breaks and thus higher dissolution rates is observed. Although the SHA 

system shows current-voltage behavior similar to that of BTA at higher overpotentials 

(750 mV), the dissolution rate in SHA system is small (only 300 A/min at 750 mV). 

The above findings suggest that hydroxylamine based chemistries with suitable 

inhibitors (SHA and BTA) can be used in an ECMP process at anodic overpotentials 

around 250 mV. Under this condition the inhibitors would protect the lower areas while 

the passive layer in the high areas is abraded to give high removal rates. 
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Figure 4.38: Dissolution rates of copper in 0.5M hydroxylamine solution as a function of 
anodic overpotential. (AA- rates obtained from atomic absorption, EC- rates obtained 
from electrochemical measurements). 
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4.3.2.1 Removal rates during abrasion - ECMP conditions 

Removal rates of copper under abrasion condition with applied anodic potential (250 

mV overpotential) were obtained using the EC-AC tool at a pressure of 2 psi. A 1% silica 

slurry in 0.5M hydroxylamine at pH 6 was used. A comparison of the polish rates 

(obtained by profilometry and AA) and static etch rates at OCP and an overpotential of 

250 mV is shown in figure 4.42. In the absence of any inhibitor (BTA or SHA) at OCP 

condition, the dissolution rate was 850 A/min and the polish rate was 1000 A/min. At 250 

mV overpotential both the dissolution rate and polish rate increased to 2400 and 2700 

A/min respectively. It is clear that polishing of copper surfaces with topography using 

this chemistry would not yield planarity. 

In the presence of O.OIM BTA or SHA, at OCP condition, the static etch rate was less 

than 1 A/min and the polish rate was 100 and 240 A/min for BTA and SHA containing 

solutions respectively. At 250 mV overpotential, the polish rates increased to 200 A/min 

with BTA and 800 A/min with SHA, while static etch rates were still very low. This 

shows that the high areas can be removed by polishing while the low areas are protected, 

but the removal rates are low. In the presence of 0.005 M BTA and SHA, the polish rates 

were 450 A/min and 880 A/min respectively at OCP conditions, much higher than in the 

presence of O.OIM inhibitor. The decrease in inhibitor concentration increases the static 

dissolution rates slightly (20 A/min with BTA and 60 A/min with SHA). At 250 mV 

overpotential, the polish rates in both 0.005M BTA and SHA system were very high of 

the order of 2000 A/min (2300 A/min in SHA system). Unfortunately, at 0.005M BTA 

concentration, the static dissolution rates are high as 1600 A/min. At the same 
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concentration SHA gives a slightly lower dissolution rate of 500 A/min. It is clear that 

lower concentration of BTA (< O.OIM) cannot be used under anodic overpotential 

conditions. Although 0.005M SHA does not completely protect copper from static 

dissolution, the difference between polish and etch rate is quite high (~ 1800 A/min) 

suggesting that the rate of step height reduction would be approximately 1800 A/min and 

hence be useftil under ECMP conditions. 

It should be noted that the relative velocities achieved in the laboratory EC-AC tool is 

very low compared to the commercial tools. Hence polish rates higher than the values 

reported above can be obtained even with O.OIM inhibitors in a commercial tool. 
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4.4 Issues in barrier polishing 

Copper CMP requires the removal of copper and tantalum (barrier metal) 

simultaneously after the removal of bulk copper. A 1:1 selectivity between copper and 

tantalum removal is preferred during this step along with minimal effects of galvanic 

corrosion. The removal rates of copper and tantalum and galvanic corrosion between 

copper and tantalum were studied to identify suitable polishing conditions. 

4.4.1 Removal rates of copper and tantalum 

The removal rates (abrasion) of copper in 0.5M hydroxylamine and 1.2M (3.6%) 

hydrogen peroxide solutions were obtained at various pH values using the EC-AC tool. 

Both copper and tantalum samples were abraded with a fixed abrasive pad at a downforce 

of 9 psi. Figure 4.43a shows that removal rate in hydroxylamine solutions exhibits a 

maximum at a pH close to 6. This agrees with the trend exhibited by the dissolution rates 

of copper in hydroxylamine solutions. Based on the Pourbaix diagram for copper-

hydroxylamine system, copper removal in the pH range of 4 to 7 is likely to occur 

through the formation of soluble copper hydroxylamine complexes as seen earlier. In 

hydrogen peroxide solutions, the removal rate is almost independent of pH in the range 3 

to 5 but falls off at higher pH values. Copper is known to form a passive oxide surface 

when exposed to hydrogen peroxide solutions in near neutral and alkaline pH conditions. 

Therefore the removal rate in neutral and alkaline pH conditions is an outcome of the 

abrasion of the oxide layer. Properties like the hardness, porosity, thickness of the oxide 

are pH and chemistry dependent and hence the removal rate of copper indirectly depends 
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on the above factors. At acidic pH conditions the abrasion of copper is accompanied by 

the active dissolution of copper to copper ions, thereby resulting in a higher removal rate. 

The removal rates of tantalum in 0.5M hydroxylamine and 1.2M (3.6%) hydrogen 

peroxide solutions are shown in figure 4.43b, as a function of pH. The removal rate of 

tantalum decreases with decreasing pH in hydroxylamine-based solutions but in peroxide 

solution, the removal rate is independent of pH in the range of 4 to 8. Tantalum does not 

form any known complexes with hydroxylamine. It is generally believed that the surface 

of Ta immersed in water is covered with a passive layer of Ta205. Interestingly, it may be 

noted from potential-pH diagram of tantalum-water system shown in figure 4.44 that 

aqueous HTaOs is thermodynamically more stable than TaiOs when the dissolved Ta 

concentration in solution is less than 0.0001 M. Only if the HTaOs species is ignored in 

the calculations, then Ta205 stability region appears in the diagram. Hence a metastable 

form of Ta205 may control the dissolution behavior of Ta. The difference in the removal 

rates in the hydroxylamine and peroxide system may be attributed to the ability of the 

system to form Ta205 or HTaOs. At all pH values investigated, the removal rate of 

copper and tantalum was higher in hydroxylamine solutions than in hydrogen peroxide 

solutions. A selectivity of 1:1 between Ta and Cu can be obtained when the polishing is 

done at a solution pH of 7- 8 both in hydroxylamine and peroxide system. 
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4.4.2 Estimation of galvanic corrosion from polarization curves 

The potentiodynamic polarization curves for Cu and Ta exposed to 0.5M 

hydroxylamine solutions at pH values of 4, 6, and 8 are shown in figure 4.45. Two 

different curves for Ta, one during polishing and the other after the abrasion was 

discontinued, are shown in this figure. In the case of copper, only the curves obtained 

during abrasion are shown since there was little difference between the curves obtained 

during and after abrasion. Two key points may be noted from these figures: (1) abrasion 

of Ta markedly increases its corrosion current density and (2) Cu and Ta are likely to 

form a galvanic couple due to the fact that the anodic branch of Ta polarization curve 

intersects the cathodic branch of Cu. Figure 4.45a displays the curves obtained at pH 8. 

The point of intersection of anodic portion of tantalum curve and cathodic portion of 

copper curve gives the estimated galvanic potential and galvanic current density (igai) 

(marked by arrows). When the samples are not abraded, there is a thin layer of native 

oxide (Ta205) on the tantalum surface and the polarization curve obtained for Ta is 

representative of the oxide layer and hence the galvanic current is low, of the order of 

10|j,A/cm^. On the other hand when the samples are abraded, the tantalum oxide is 

constantly removed exposing the bare Ta metal to the solution. The polarization behavior 

of tantalum is markedly different from that of the oxide covered surface and results in an 

increased galvanic current (400iiA/cm^). Abrasion of tantalum shifts its OCP from -0.3V 

to -0.65V thereby changing the galvanic potential from 0.05 V under no abrasion to -

0.4V during abrasion. 
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At pH 6, from the data shown in figure 4.45b, the corrosion current density of Cu is 

the highest. Abrasion of tantalum at this pH shifts its OCP to more negative values (-0.3V 

without abrasion and -0.6V with abrasion), but the galvanic potential value is unaltered as 

anodic portion of the tantalum curves (with and without abrasion) intersect the OCP 

region of the copper polarization curve. The galvanic current density during abrasion is 

2 2 much higher (700 )j,A/cm ) compared to the no abrasion condition (5 [lA/cm ). At pH 4 

(figure 4.45c), abrasion of tantalum shifts its OCP from -0.2V to -0.6V but it has no 

effect on the galvanic potential (0.27V), similar to pH 6. The galvanic corrosion current 

9 • • 9 
density at pH 4 is 6 fxA/cm" without abrasion and 15 |j,A/cm when both copper and 

tantalum were abraded. 

The experimental polarization data obtained in 1.2M hydrogen peroxide system at pH 

8, 6 and 4 are shown in figures 4.46 a, b and c respectively. At pH 8 (figure 4.46a), the 

polarization curves of tantalum, both under abrasion and no abrasion conditions intersect 

the copper curve at its OCP (0.45 V). A very low galvanic corrosion current density of < 

1 |j,A/cm can be estimated at this pH. The galvanic behavior at pH 4 shown in figure 

4.46c shows a galvanic potential and current density of 0.575V and 10 |a,A/cm without 

abrasion and 0.525V and 30 |j,A/cm with abrasion. The galvanic behavior at pH 6 (figure 

4.46b) is different from the other pH conditions and exhibits a higher galvanic corrosion 

2 2 current during polishing (100 jxA/cm ) and only 2 [lA/cm under no abrasion conditions. 

The estimated galvanic corrosion potential and galvanic corrosion density in both 

hydroxylamine and hydrogen peroxide based solutions at different pH values are 

tabulated in table 4.6. It can be seen that, in the hydroxylamine system the galvanic 
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corrosion potential during abrasion becomes more positive as the solution pH becomes 

more acidic. In fact at pH values of 6 and 4, the galvanic corrosion potential is almost the 

same as the corrosion potential of copper. The galvanic corrosion current density at pH 

values of 8 and 6 is at least an order of magnitude higher than that at pH 4. At pH 4, 

abrasion has no significant effect on galvanic corrosion. This may be due to the fact that 

the abraded Ta surface rapidly repassivates at this pH. 

In the peroxide system, the open circuit potentials of copper and tantalum are more 

positive compared to the hydroxylamine system due to the redox nature of the 

chemistries (hydrogen peroxide has a higher redox potential than hydroxylamine). The 

highest amount of galvanic corrosion is expected to occur at pH 6. While the galvanic 

corrosion density is about the same at pH 4 in both chemical systems, the values are 

significantly higher at pH values 6 and 8 in the hydroxylamine system. Overall, it appears 

that copper and tantalum are prone to galvanic corrosion in hydroxylamine chemistries 

compared to hydrogen peroxide solution. 

It should be noted that the polarization curves used in the estimation of galvanic 

corrosion represent the behavior of the metals under uncoupled conditions. The anodic 

and cathodic portions of the polarization curves are representative of the reactions taking 

place when copper or tantalum is exposed to the chemistry. It is possible that these 

behaviors could be altered when the metals are put in to galvanic contact. Direct 

measurement of the galvanic current and potential is a more accurate representation of 

the system and will be discussed in following the section. 
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Table 4.6: Estimated galvanic corrosion potential and galvanic current density between 
copper and tantalum from polarization curves in hydrogen peroxide and hydroxylamine 
solutions. 

0.5 M Hydroxylamine 
Based Chemistry 

Polishing 
Conditions 

Galvanic Potential 
(Volts vs. SHE) 

Galvanic Current 
Density (|j,A/cm^) 

p H 8  During abrasion -0.4 400 

No abrasion 0.05 10 

p H 6  During abrasion 0.125 700 

No abrasion 0.175 (Cu OCP) 5 

p H 4  During abrasion 0.275 (Cu OCP) 15 

No abrasion 0.275 (Cu OCP) 6 

1.2 M Peroxide Based 
Chemistry 

Polishing 
Conditions 

Galvanic Potential 
(Volts vs. SHE) 

Galvanic Current 
Density ()aA/cm^) 

p H 8  During abrasion 0.45 (Cu OCP) 1 

No abrasion 0.45 (Cu OCP) 1 

p H 6  During abrasion 0.3 100 

No abrasion 0.55 (Cu OCP) 2 

p H 4  During abrasion 0.525 30 

No abrasion 0.575 10 
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4.4.3 Direct measurement of galvanic corrosion 

Direct measurement of the galvanic potential and current density between copper and 

tantalum during abrasion was carried out in a modified EC-AC tool. The sample (Cu/Ta 

couple) described in the materials section was exposed to the chemistry without any 

abrasion, and abrasion was started after a predetermined time. The galvanic potential and 

current measurements, done in 0.5M hydroxylamine based chemistry at pH ~ 8, are 

displayed in figure 4.47a and b as a function of time. In figure 4.47a, it may be seen that 

the galvanic potential was 0.085 V when the sample was not abraded. At the beginning of 

abrasion the galvanic potential shifts to -0.1 V and then slowly becomes more positive 

and fluctuates between roughly 0.015 to 0.035 V. The initial drop is most likely due to 

the removal of the oxide layer from tantalum, exposing the bare metal and the constant 

fluctuation is perhaps due to the rapid repassivation of parts of the Ta sample that may 

occur even during polishing. The galvanic current density, igai (based on equal polished 

areas of Cu and Ta) during polishing is roughly 400 ^lA/cm . Galvanic current density 

and potential were also measured at various pH conditions and the results are listed in 

table 4.7. 

The measured and estimated (from polarization) galvanic current density in the 

hydroxylamine system at pH 8 are nearly equal (400 nA/cm^). On the other hand at pH 6 

2 2 and 4, the measured galvanic current density was 500 p-A/cm and 350 [j,A/cm 

respectively, while the estimated current density was much different (700 |j.A/cm and 15 

|a.A/cm^). The reason for this discrepancy can be explained as follows. In the case of 

galvanic current estimation, the anodic portion of the individual polarization curve 



206 

represents the metal corrosion reaction. The cathodic portion of the curve represents the 

reduction reaction (due to the chemistry) responsible for metal corrosion such as NO 

reduction in hydroxylamine or oxygen reduction in water. So the estimated galvanic 

current from the intersection of the anodic (active metal, tantalum) and cathodic (noble 

metal, copper) portions of the curves is based on the current characteristics of the 

cathodic reaction responsible for copper corrosion. During galvanic corrosion, the anodic 

reaction is the oxidation (corrosion) of the active metal and the corresponding cathodic 

reaction is the reduction of the noble metal ions present in the solution due to abrasion. 

Hence the discrepancy in the galvanic current obtained by direct measurement and 

estimation is due to the different cathodic reactions occurring at the copper surface during 

copper corrosion and galvanic corrosion of tantalum (where copper is protected). 

In the case of 1.2M hydrogen peroxide, the maximum galvanic current density was 

recorded at pH 8 (120 |j,A/cm^) while the estimated galvanic current density was less than 

2 2 1 jxA/cm at the same condition. The galvanic current density was 40 |a,A/cm at pH 6 

and 8, much closer to the estimated values. Except pH 6, the current was of the order of 1 

|a,A/cm^ in the absence of abrasion. 
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Table 4.7: Galvanic corrosion potential and current density between copper and tantalum 
in hydrogen peroxide and hydroxylamine solutions obtained by direct measurement. 

0.5M hydroxylamine 
Based Chemistry 

Polishing 
Conditions 

Galvanic potential 
(Volts vs. SHE) 

Galvanic Current 
Density (i^A/cm^) 

p H 8  During abrasion 0.015-0.035 400 p H 8  

No abrasion 0.085 <2 

p H 6  During abrasion 0.105-0.08 500 p H 6  

No abrasion 0.155 <2 

p H 4  During abrasion 0.200 350 p H 4  

No abrasion 0.210 <2 

1.2M Peroxide Based 
Chemistry 

Polishing 
Conditions 

Galvanic Potential 
(Volts vs. SHE) 

Galvanic Current 
Density (|aA/cm ) 

p H 8  During abrasion 0.350-0.320 120 p H 8  

No abrasion 0.465 <2 

p H 6  During abrasion 0.380-0.310 40 p H 6  

No abrasion 0.500 10 

p H 4  During abrasion 0.430 - 0.390 40 p H 4  

No abrasion 0.470 <2 

Table 4.8: Corrosion current density of tantalum in 0.5M hydroxylamine and 1.2M 
hydrogen peroxide during abrasion. 

Chemistt7 PH 

'corrOfTa (MA/cm2) 

Chemistt7 PH Uncoupled Coupled (galvanic) 

0.5M Hydroxylamine 4 43 350 

0.5M Hydroxylamine 6 86 500 

O.SIVI Hydroxylamine 8 34 400 

1.2M peroxide 4 5 40 

1.2IVI peroxide 6 34 40 

1.2M peroxide 8 < 1 120 
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To understand the significance galvanic corrosion currents, the galvanic current 

density has to be compared with the corrosion current density of uncoupled tantalum 

under similar conditions. The corrosion current densities of tantalum in 0.5M 

hydroxylamine and 1.2M hydrogen peroxide at various pH conditions and abrasion 

conditions similar to that used in the galvanic tests is shown in table 4.8. Tantalum 

exhibits higher corrosion currents (34 - 80 |a,A/cm ) when exposed to hydroxylamine and 

much lower currents in hydrogen peroxide (1 - 30 |a,A/cm^). 

Current density of 10 i^A/cm^ is equivalent to a tantalum removal rate of 1.3 A/min. 

The measured galvanic current densities are much higher than the corrosion current 

density of uncoupled tantalum and it may appear that galvanic corrosion would enhance 

the tantalum removal rate during barrier polishing. Based on the tantalum (uncoupled) 

corrosion current density at 0.5M hydroxylamine pH 6, the removal rate should be 11 

A/min, but the actual removal rate shown in figure 4.43b is -150 A/min. A similar trend 

is true in all pH conditions (both hydroxylamine and peroxide chemistries).This suggests 

that the actual polish rates of tantalum are high and the presence of galvanic corrosion in 

the magnitude measured will only slightly increase the removal rate of tantalum. 

The galvanic corrosion measurements reported above were obtained when the pad was 

rotated at 240 rpm and the sample was rotated at 222 rpm. The pad was offset to cover a 

larger area of the sample as shown in figure 4.48. So as the pad and sample were rotated, 

the pad abraded the copper and tantalum alternatively maintaining a steady repassivation 

rate for tantalum. At 222 rpm, a reference point on the sample would come under pad 

contact every 0.27 second. Figure 4.49 shows the galvanic current density of tantalum in 
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0.5M hydroxylamine chemistry at pH 6, when the sample was rotated at two different 

•y 
speeds. At 222 rpm, the galvanic current density was ~ 500 |j,A/cm during abrasion and 

decreased to approximately 180 |j,A/cm at a lower rotation speed of 90 rpm (pad contact 

every 0.66 second). It can be seen that the decrease in galvanic current density is 

proportional to the decrease in rotational speed. Faster rotation constantly abrades the 

oxide on the tantalum exposing fresh tantalum metal and a higher current is measured. 

On the other hand, a slower rotational speed allows the abraded tantalum surface to 

passivate before it is abraded again and the galvanic current density appears to be low. 

The repassivation kinetics of tantalum controlled by the mechanical effects is also critical 

in determining the extent of galvanic corrosion. 

Once the barrier is removed and the dielectric is exposed during the overpolish step, 

the area of tantalum exposed to the solution (slurry) is small compared to the exposed 

copper area. Under this condition the current density experienced by tantalum would be 

much higher, but the removal of tantalum due to the constant mechanical effects of 

polishing would still be higher than the galvanic effects. Galvanic corrosion would have a 

major effect when mechanical abrasion is stopped, but the measured galvanic current 

densities in the absence of abrasion seem to be too small to cause an effect. It should be 

noted that even after polishing is stopped, the wafer (copper and tantalum) would be 

exposed to the chemistry until it is moved to a cleaner where the slurry/chemistry on the 

wafer is rinsed away and cleaned. It is important to study the decay of galvanic current 

after abrasion is stopped. 
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Abrasion area 

Pad area 

Figure 4.48: Schematic showing the abraded area of the galvanic sample due to polishing 
pad offset. 
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Figure 4.49; Measured galvanic current of tantalum in 0.5M hydroxylamine solution (pH 
6) at different rotation speed of sample. 
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4.4.4 Decay of galvanic current 

It was seen that the galvanic current density falls to much lower values when abrasion 

is stopped. The transients of the decline in galvanic current was monitored (with a 

resolution of 0.5 second) from the instant abrasion was stopped. Figure 4.50a shows the 

galvanic current transients in 0.5M hydroxylamine chemistry. The galvanic current 

density falls from values of the order of 500 |xA/cm (depending on pH) to below 10 

[lA/cm^ within 10 seconds from the instant abrasion was stopped under all pH conditions. 

At 40 seconds, galvanic current density at pH 6 is below 1 |xA/cm and of the order of 2 

9 9 
and 4 |a,A/cm at pH 8 and 4. At 90 seconds the current falls below 1 ^A/cm at all pH 

conditions. It can be stated that the current decay is rapid and no significant damage due 

to galvanic corrosion can occur during the transfer of wafers from polisher to the cleaner 

in hydroxylamine chemistries. 

Figure 4.50b shows the galvanic current transients in 1.2M hydrogen peroxide 

chemistry. The galvanic current density falls well below 10 nA/cm within 10 seconds 

only at pH 4, while at pH 6 and 8 it is in the order of ~15 jiA/cm^. The current density 

continues to decay gradually in pH 4 and decreases to I |xA/cm^ by 90 seconds. 

Interestingly, at pH 6 and 8, the current density saturates at about 10 |aA/cm and does not 

fall below that value even after 90 seconds. This shows that tantalum is prone to galvanic 

corrosion in hydrogen peroxide slurries at pH 6 and 8 even after polishing is stopped. 

This could be due to the slow repassivation of tantalum surface. Hence it is critical to 

clean the wafer surface to remove the chemistry at neutral and alkaline hydrogen 

peroxide based slurries. 



214 

Hydroxylamine system 
-^-pH4 

pH 6 
^i^pH8 

Hydrogen peroxide system 
-•-pH4 
-H^-pH6 
-A-pH8 

Figure 4.50; Transients of galvanic current density after abrasion was stopped in a) 0.5M 
hydroxylamine and b) 1.2M hydrogen peroxide solution. 
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4.5 Electrochemical treatment of copper CMP waste water 

Electrochemical treatment of wastewater is a viable technique for the removal of 

dissolved metals by reduction and of organics by oxidation. However, the 

electrochemical treatment of copper CMP waste water using conventional electrodes is 

very inefficient due to the low concentration of copper and organics. This section focuses 

on the feasibility of electrochemical removal of both copper and organic additives from 

CMP wastewater using boron doped diamond (BDD) electrodes. 

4.5.1 Copper Ion Reduction 

4.5.1.1 Cyclic voltammetry (CV) on BDD electrode 

Figure 4.51 shows CV scans for the BDD electrode obtained in the absence and 

presence of Cu^^ at pH values of 4 and 6. The scan was initiated from the open circuit 

potential, scanned in the cathodic direction, and then in the anodic direction. In the blank 

electrolyte solution at a pH value of 4, current densities for water reduction and water 

'y 
oxidation were less than 0.1 mA/cm over the potential window from -1.4 to 1.4 V. In 

2+ 
solutions at a pH value of 4, addition of 25 or 50 mg/L of Cu resulted in two peaks for 

copper reduction that occurred at potentials between -0.1 and -0.7 V. These peaks 

correspond to reduction of Cu^^ and reduction of Cu"^, respectively. As expected, the 

2+ peak height increases with increasing Cu concentration. In the solution with a pH value 

of 6 there are three peaks, and the peak heights are smaller than those at a pH value of 4. 

The third peak at a pH value of 6 can likely be attributed to reduction of the hydrolyzed 

j o I 
copper species, CuiO. This species is produced by Cu hydrolysis after Cu is reduced 
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to Cu^, which has a very low aqueous solubility at a pH value of 6 [4.15]. The peak for 

CU2O reduction is absent at a pH value of 4 since the solubility of Cu^ is not exceeded at 

this pH value. Addition of copper to the blank electrolyte solution not only produced 

peaks for copper ion reduction, but also increased currents for hydrogen evolution at 

potentials below -1.25 V. This can be attributed to the deposited copper serving as a 

catalyst for hydrogen evolution. 

The anodic portion of the curve shows the presence of anodic stripping peaks for the 

copper that was deposited during the cathodic portion of the scan. The presence of 

deposited copper also increased the currents for oxygen evolution at potentials above 

1.25 V. This can be attributed to the catalytic activity of copper for oxygen evolution. 
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Figure 4.51: Cyclic voltammogram obtained using BDD electrode in blank electrolyte 
and Cu^"^ solutions. 
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4.5.1.2 Copper deposition under potentiostatic mode 

Copper removal from a solution with an initial Cu^^ concentration of 20 mg/L at a pH 

value of 6 is shown in figure 4.52 for electrode potentials of -200 and -800 mV. The 

2_|_ Cu removal rate at -200 mV was 1.33 ^g/min. This removal rate may have been 

limited by mass transfer processes. At a rotation speed of 100 rpm, the Levich equation 

indicates that the hydrodynamic boundary layer thickness (5) was 40 fxm [4.16]. The 

boundary layer thickness can be used to determine the diff l is ional  mass transfer  rate (RD)  

to the electrode surface from [4.17]: 

(4.1) 

where: A is the electroactive surface area, D is the aqueous diffusion coefficient for Cu , 

Cb is the bulk solution concentration and Cs is the Cu concentration at the electrode 

surface. In addition to difflisional mass transfer, there is also mass transfer via electro 

' y ,  

migration. The rate of Cu electro migration (RE)  is given by [4.18]: 

R,=AC, 
2Ee ^ 

= AC^uE (4.2) 
\67rrjrj 

where E is the electric field strength in the direction normal to the electrode surface, e is 

the fundamental unit of charge (1.60219 xlO"'^ C), r\ is the fluid viscosity, r is the ionic 

2"1" S 2 radius and u is the ionic mobility. For a Cu diffusion coefficient of 0.714x10" cm/s 

and a Cu^"^ concentration of 20 mg/L, the maximum difflisional mass transfer rate is 1.28 

|ig/min, if the entire electrode surface is electroactive, i.e., A=0.6 cm . For a ionic 

mobility of 5.56 x lO"'* cm^s 'V"', and an E value of 1 V/cm, the electro migration mass 

'•y, 
transfer rate for a Cu concentration of 20 mg/L is 0.4 )ig/min, for A=0.6 cm . This 
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analysis indicates that the sum of the maximum diffusion and electro migration mass 

transfer rates of 1.68 fig/min is greater than the observed 1.33 |j,g/min rate of Cu^^ 

removal. However, electron micrographs of the deposited copper indicate that only a 

2't" fraction of the electrode surface was active for Cu reduction. 

Figure 4.53 shows copper deposits on the BDD electrode surface for solutions with pH 

values of 4 and 6. Also shown is copper deposited on a copper electrode. In the case of 

the copper electrode, copper was uniformly deposited on the electrode surface. In the 

case of the BDD electrode, discrete copper clusters were observed, indicating that there 

were discrete electroactive sites on the BDD surface. Therefore, the electroactive surface 

area for Cu^^ removal was less than the nominal electrode surface area of 0.6 cm^. The 

fact that only a portion of the BDD surface was active for copper deposition will decrease 

2+ 
the maximum diffusional mass transfer and electro migration rates for Cu . For 

example, if 62% of the BDD surface was electroactive for Cu removal, the maximum 

2"t" mass transfer rate would be equal to the observed Cu removal rate. At a pH value of 6, 

the micrograph in figure 4.53 suggests that less than half of the surface was electroactive 

for Cu^^ removal. Thus, the Cu^^ removal rates in figure 4.52 at both -200 and -800 mV 

were likely limited by mass transfer limitations. 
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Figure 4.52: Copper removal at two different cathodic potentials of -200 and -800 mV. 
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a) Copper on Copper 

1 uin 

b) Copper on BDD c) Copper on BDD 
electrode, pH = 4 electrode, pH = 6 

Figure 4.53: SEM micrograph showing the morphology of copper deposited on: a) copper 
electrode at pH 4, b) BDD electrodes at pH 4 and c) BDD electrode at pH 6. 
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9+ 9+ 
Although Cu removal rates were likely mass transfer limited, slightly faster Cu 

removal was observed at a potential of -200 mV as compared to -800 mV. The Faradaic 

current efficiency of 43% at -800 mV was smaller than the value of 64% that was 

observed at -200 mV. This indicates that there was a greater rate of water reduction at -

800 mV as compared to -200 mV. Hydrogen gas produced from water reduction may 

have blocked active sites on the electrode surface for Cu reduction. Thus, the slower 

removal at -800 mV may have resulted from greater interference from hydrogen 

evolution. 

9-1-
Copper removal from solutions containing initial Cu concentrations of 15 and 20 

mg/L at pH values of 4 and 6 at an electrode potential of -200 mV is shown in figure 

4.54. At both pH values, Cu^^ removal rates were independent of the copper 

concentration. This is consistent with Cu^^ removal kinetics that are zero"' order in Cu^^ 

concentration. Mass transfer limited removal should be first order in Cu concentration 

9+ 
[4.17], However, if the electroactive surface area of the electrode increases as Cu" is 

removed; first order kinetics would not be observed for a mass transfer limited process. 

As copper was removed from solution, the surface area of the copper clusters on the BDD 

surface increased. This resulted in increasing electroactive surface area for Cu^^ removal 

with elapsed time. The observed zero"' order reaction kinetics therefore resulted from an 

increasing electroactive surface area that compensated for the decreasing concentrations 

of Cu"^ in solution. 

Chronoamperometry profiles for the copper removal data (from figure 4.54) are shown 

in figure 4.55. Although copper removal rates at both pH values were the same, the 
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chronoamperometry profiles were distinctly different. At short times, the current in both 

solutions was similar and the predominant reaction was reduction. With increasing 

time, the current in the pH 6 solution increased while the current in the pH 4 solution 

decreased. At a pH value of 6, the average current efficiency for Cu^^ removal was 64% 

as compared to a current efficiency of 87% at a pH value of 4. Since the same amount of 

copper was removed at both pH values, the greater current efficiency can be attributed to 

a lower rate of water reduction at a pH value of 4. Since lower pH values would result in 

more hydrogen evolution on a given electrode, the lower rate of hydrogen evolution at 

pH 4 may be attributed to different electroactive surface areas. The copper clusters 

deposited at pH 4 had an average diameter of approximately 1.75 |im, while the particles 

formed at pH 6 had an average diameter of O.S^im. This leads to a factor of 3.5 times 

greater surface area for water reduction at a pH value of 6, as compared to a pH value of 

4. Since water reduction is not mass transfer limited, the greater surface area at a pH 

value of 6 may be responsible for the greater rate of hydrogen evolution. Another 

contributing factor may be that the copper deposited at pH value of 4 had a lower 

catalytic activity for hydrogen evolution than that deposited at a pH value of 6. 

Overall it can be seen that, copper ions can be removed by reductive plating with a 

current efficiency of 87% al pH 4. Higher efficiencies can be expected at lower pH (more 

acidic) conditions and minimal mass transfer limitation. 
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Figure 4.54: Copper removal from potassium sulfate solutions at pH values of 4 and 6 at 
a cathode potential of -200 mV. 
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Figure 4.55: Chronoamperometry profiles for experiments conducted at pH values of 4 
and 6 with initial copper concentrations of 15 mg/L at an electrode potential of-200 mV. 
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4.5.2 Organic Oxidation 

4.5.2.1 Oxidation of citric acid 

Citrate concentrations in the single chamber electrolysis cell at current densities of 12 

and 16 mA/cm^ are shown in figure 4.56. For both current densities, less than 10% of the 

citrate was oxidized in a three hour period. The reason for the failure of the single 

chamber setup to yield significant citrate oxidation may be due to the reduction of the 

oxidized intermediates at the cathode. Citrate concentrations in the split chamber 

electrolysis cell at current densities of 12 and 16 mA/cm^ are shown in figure 4.57. In 

contrast to the small amount of removal in the single chamber cell, more than 80% of the 

citrate was oxidized in a three hour period at both current densities in the two chamber 

cell. 

In the two chamber cell, the citrate removal rate was independent of the current 

density. This behavior can be explained by a mechanism that involves oxidation by OH* 

radicals produced from water reduction. Recent evidence indicates that the concentration 

of OH* on BDD surfaces reaches a limiting value for current densities greater than ~5 

mA/cm^ [4.19]. Therefore, the similar removal rates at both current densities suggests 

that the primary citrate removal mechanism involved oxidation by OH*, and not direct 

oxidation of citrate at the electrode surface. 

The TOC levels in solution as a fiinction of time are also shown in figure 4.57 for the 

16 mA/cm^ experiment. The decrease in TOC levels closely parallels the loss of citrate. 

This indicates that there was complete mineralization of citrate CO2. The complete 
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oxidation of citrate to CO2 requires 18 electron equivalents, as indicated by the anodic 

half cell reaction of: 

+ 5H^O 6CO2 +18//^ +18e" (4.3) 

Based on 18 electron equivalents, the current efficiency for citrate oxidation at a 

current density of 16 mA/cm was 24%. The primary side reaction was O2 evolution, 

produced from water oxidation, according to: 

IHfi -^0^ + 4H^ + 4e' (4.4) 

Additionally, small amounts of H2O2 and O3 are also known to be produced from 

water oxidation at BDD anodes [4.20]. 

The divided cell configuration prevents reduction of citrate oxidation products as the 

Nafion® membrane only allows the passage of hydrogen ions between the two chambers. 

Figure 4.58 shows change in pH conditions in the anode chamber as oxidation proceeds. 

It can be seen that the pH drops with time due to the oxidation water and citrate. Ideally 

the transport of hydrogen ions through the membrane would allow the pH to be 

maintained at a steady value. However, the rate of proton diffusion through the Nafion® 

membrane appears to be insufficient to maintain constant pH conditions in the anode and 

cathode chambers. The drop in pH has two major benefits: 1) Lower pH would convert 

all copper species in to cupric ions and enhance copper plating in the anodic chamber and 

2) Extreme acidic conditions (< pH 2) would destabilize the colloidal suspension of the 

slurry. 
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Figure 4.56: Concentration of citric acid as a function of time in a single chamber cell 
during electrochemical oxidation at two different current densities. 
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Figure 4.57: Concentration and TOC of citric acid as a function of time in a dual chamber 
cell during electrochemical oxidation at two different current densities. 
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Figure 4.58: pH conditions of the solution in the anode chamber as a function of time 
the two chamber cell. 
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4.5.2.2 Oxidation of benzotriazole 

Oxidation of BTA was investigated in the two chamber reactor at current densities of 

' y  
16 and 20 mA/cm . BTA concentrations as a function of oxidation time are shown in 

figure 4.59. In similarity to citrate, rates of BTA removal were nearly independent of the 

BTA concentration. However, unlike citrate, the removal rate was proportional to the 

current density. Increasing the current density by 25% from 16 to 20 mA/cm^, resulted in 

a 28% increase in the average BTA removal rate. This indicates that the BTA removal 

rate was limited by the current density, and suggests that there may have been direct 

oxidation of BTA at the anode surface. Direct BTA oxidation may be responsible for its 

faster removal rate and significantly higher current efficiency as compared to citrate. At 

a current density of 16 mA/cm , the average BTA removal rate of 0.42 [imol/min (0.050 

mg/min) was 20% greater than the average removal rate of 0.35 (imol/min (0.068 

mg/min) for citrate. Complete BTA oxidation to CO2 and NOs" requires 44 electron 

equivalents, as indicated by the anodic half-cell reaction of: 

+ 2 mp 6CO2 + 3N0~ + AlW + 44e" (4.5) 

Assuming that the BTA loss results in CO2 and NOs" production, the average current 

efficiency for BTA removal at a current density of 16 mA/cm was 70%. 
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Figure 4.59: Concentration of benzotriazole as a function of time in a dual chamber cell 
during electrochemical oxidation at two different current densities. 
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4.5.3 Proposed reactor 

The preUminary studies reveal that the oxidation of organics and the reduction of 

copper ions to metallic copper is feasible on the BDD electrode surface. But in all the 

cases shown above, laboratory scale reactors in a batch process condition were employed. 

Therefore it is reasonable to conclude that both copper deposition and the oxidation of 

organics is controlled by transfer of the species (copper ions, organics) through the liquid 

boundary layer on the surface of electrode. It would be apt to use a continuous flow 

reactor with high BDD electrode surface area. 

The schematic of the proposed reactor is shown in figure 4.60. The reactor consists of 

two concentric compartments which are separated by the Nafion® membrane or Vycor® 

porous glass. The outer compartments would serve as the anode chamber and the next 

compartment takes the role of a cathode chamber. BDD electrodes are placed in both the 

compartments. To increase the surface area of the electrodes, porous carbon fiber cloths 

with BDD films deposited on them can be packed in the compartments. During operation, 

the CMP waste water would be passed through the anodic chamber in order to oxidize the 

organic compounds such complexing agents and copper complexes. The oxidation 

process would break down the organics and release any complexed copper. The reduction 

fall of pH to acidic conditions would allow copper to be in ionic cupric (Cu ) fi-om. The 

acidic environment in the anode chamber would also aid in coagulating negatively 

charged suspended solids, which could then be removed via filtration before passing the 

water through the cathode chamber for Cu^^ removal. A subsequent pass through the 

cathodic chamber will plate out metallic copper at the cathode surface. The outlet fi-om 
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the reactor would be free from organics and copper. Thus, a single electrochemical 

reactor could be used in place of the multiple step process that is presently being used for 

treating CMP wastewater. 
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Figure 4.60: Schematic diagram of a proposed reactor for treating copper CMP 
wastewater. 
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5 CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

The following conclusions can be made from this study: 

1. Benzotriazole and salicylhydroxamic acid inhibit copper corrosion in 

hydroxylamine solution. Both BTA and SHA offer best protection at a 

concentration of 0.01 M. 

2. Exposure of copper surface to BTA results in the formation of a cuprous BTA 

film with physisorbed BTA on top of it. On the other hand, SHA forms a 

cupric complex with the free cupric ions present at the copper/solution 

interface and then precipitates to form a protective layer on the copper surface. 

3. Dissolution (corrosion) of the low areas of copper during CMP can be 

prevented by the addition of BTA or SHA in hydroxylamine based chemistries 

(pH) and planarity can be achieved with removal rates as high as 1200 A/min 

(down force of 4 psi, using the EC-AC tool). 

4. The highest copper dissolution and removal rates in hydroxylamine solution 

are obtained at anodic overpotential of 250 mV. Addition of BTA or SHA in 

proper quantities drastically reduces the dissolution rate while removal rates 

(abrasion) as high as 2000 A/min can be obtained under ECMP conditions 

(250 mV overpotential, 1 psi down force in the EC-AC tool). There is no 

significant increase in the copper removal rate in citric acid solutions 

containing hydrogen peroxide with anodic potentials. 
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The electrochemical abrasion cell (EC-AC) was successfully modified to make 

direct measurements of the galvanic current between copper-tantalum couple 

during abrasion. In all chemistries, the galvanic current density was extremely 

low when the sample was not abraded due to the presence of native oxide on 

tantalum, but increased when subjected to abrasion. 

The measured galvanic current density during abrasion was as high as 500 

|i,A/cm (pH 6) in the hydroxylamine solutions while the maximum galvanic 

current density in hydrogen peroxide system was 120 |j,A/cm (pH 8). Material 

losses due to these currents (under all conditions) are insignificant compared to 

the removal due to abrasion. When abrasion was stopped the galvanic current 

decayed at a slower rate in hydrogen peroxide solutions suggesting that 

galvanic corrosion occurs after polishing is stopped. 

Electrochemical treatment of copper CMP waste water using boron doped 

diamond electrodes is feasible. Copper was removed from the dilute simulated 

waste water by reduction at cathode while the organic additives such as citric 

acid and benzotriazole were oxidized at anode. Copper deposition at lower pH 

conditions can be done at good current efficiency. The organic oxidation has to 

be done in a dual chamber reactor to prevent reduction of organics at the 

cathode. A novel reactor capable of treating copper CMP waste water in a 

single step is proposed. 
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Future Work 

• Perform removal rate studies of copper in hydroxylamine solution containing 

BTA or SHA in a commercial CMP tool. Polish copper films with patterns in a 

commercial CMP tool and characterize planarity and defect generation. 

• Characterize the removal rate and defect generation while polishing copper in a 

commercial ECMP tool under applied anodic potential conditions in 

hydroxylamine chemistries with BTA and SHA and optimize the process 

conditions. 

• Design and fabricate test structures (wafer scale) to study galvanic corrosion 

during polishing in a commercial CMP tool. 

• Build the electrochemical reactor with BDD electrodes and optimize the 

process conditions such as flow and current density. 
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