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Abstract
Since the early 1990s, the growing interest in copper as an interconnect metal has
led to a large increase in the number of studies covering various aspects of copper chip
processing. One of the important topics studied is the chemical mechanical polishing
(CMP) of copper, the main method used for material removal. Several copper CMP
observations have gone without adequate explanation despite their importance to the
CMP process. This study investigates three of these observations.

The first observation concerns the discrepancy between the observed polishing
rate

and

the

electrochemically

determined

corrosion

rate.

In

general,

the

electrochemically determined corrosion rates are found to be much lower than the
polishing rate. In this study, copper CMP is studied as a corrosive wear process, where
the enhanced dissolution is due to passive film rupture. The most common CMP slurry
ingredients were selected: benzotriazole (BTAH) as a corrosion inhibitor and ferric ion
and hydrogen peroxide as oxidizers.

The first step was to study the kinetics of the Cu(I)BTA film growth. The rate of
growth of this film was monitored as a function of potential, BTAH concentration, and
pH. The growth of the film followed a 3D growth model, with progressive nucleation at
low pH and instantaneous nucleation at higher pH. By modeling the surface coverage of
Cu(I)BTA as a function of time, it was shown, for the first time, that if the Cu(I)BTA

iii

film is ruptured during a CMP process, there is not enough time for it to grow back. This
leaves the copper metal in the bare metal state exposed to the oxidizing slurry.

Using a continuous scratching setup, the electrochemical behavior of bare copper
metal was studied. In the presence of BTAH, scratching away the Cu(I)BTA film
increased the corrosion current. The results also indicated that, even in the absence of the
Cu(I)BTA passive film, BTAH will still inhibit the corrosion of copper. However, the
inhibitive effect was more prominent for the cathodic than the anodic reaction, which
classifies BTAH –under these conditions- as a cathodic inhibitor.

The corrosion current of bare copper metal was determined in ferric ion and in
hydrogen peroxide solutions and was found to be close to the CMP rate reported in the
literature. This leads to the new conclusion that copper CMP is mainly a corrosive wear
process that occurs at the abraded spots on the wafer surface, the high spots. Cu(I)BTA
film forms only at the low areas which are not being abraded. This finding calls for the
revision of the conventional view that CMP involves a successive sequence of film
formation and removal.

The second topic studied deals with the dissolution of copper in hydrogen
peroxide solutions. The literature reports that the polishing rate of copper increase with
hydrogen peroxide concentration then drops at higher concentrations. Copper oxide has
been detected on the metal surface although the bulk solution pH and metal ion
concentration are too low for precipitation to occur. In this study, the near surface pH of
iv

copper dissolving in hydrogen peroxide was found to be ~2.3 pH units higher than the
bulk value. At high metal dissolution rates, the surface concentration of the metal ions
increases rapidly, exceeding the solubility limit and precipitating an oxide. Aqueous
stability diagrams confirmed the possibility of oxide formation under the identified
surface conditions. The effect of hydrogen peroxide concentration on oxide formation
was modeled.

Another effect of pH was investigated, this time for the dissolution of copper in
hydroxylamine solutions; the third topic of this study. The literature shows that the
polishing rate of copper in hydroxylamine solutions exhibits a peak at pH ~6. Aqueous
stability diagrams and electrochemical measurements showed that the increase in the
dissolution rate of copper coincided with the regions of stability of the
copper-hydroxylamine complexes. The peak observed around pH 6 was explained as a
result of two competing processes; one is the increase in the dissolution rate of the metal
due to the increase in the concentration of the unprotonated ligand, and the other is the
precipitation of the oxide.
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Chapter 1

General Introduction

1.1 Copper in the Electronics Industry
For the general public, the term “semiconductor” is synonymous with the term
“electronics”; however, this is not exactly true. The current technology of microchips is
based on semiconductor devices (e.g. transistors) connected to one another by thin
conducting metal wires called metal interconnects (Figure 1.1). This makes the metals
just as important as semiconductors in the electronics industry. Ever since the first
commercialization of microchips there has been a relentless drive to design smaller, yet
more complex chips, that perform faster and consume less power1. To keep up with these
demands, the dimensions of devices and interconnects had to shrink from 10 microns in
the early 1970s to less than 0.15 microns today2. And yet to pack more devices into less
space, the industry adopted a multilayer structure where devices are built in successive
layers that are connected to one another through metal wells called vias1(see Figure 1.1).

In the early 90s copper was selected to be the new interconnect metal3-7. Copper is
not entirely new to the electronics industry; it has been used for wiring and on printed
circuit boards for a long time8, but its implementation inside the chips happened only in
the mid 90s. The reason for the delay in using copper in chips is due to difficulties in
1

processing, as will be outlined in Section 1.2. Copper is favored because it has a lower
electrical resistivity than its predecessor, aluminum3, thus contributing less to the signal
delay in the interconnect lines; decreasing this delay would increase the speed at which
the chips can operate9. The reduction of line width meant an increase in the current
density flowing through the metal interconnects. At high current densities, the atoms of a
thin metallic conductor could migrate in the direction of the flow of electrons causing
failure, a phenomenon known as electromigration10. Copper can carry a current density of
5x105 A cm-2 before the onset of electromigration whereas aluminum starts to suffer from
electromigration at a lower current density of 2x104 A cm-2

3,11,12

.

1.2 Manufacturing Steps
Manufacturing of metal interconnects involves depositing a metal blanket on a
patterned silicon wafer to cover all the features in the surface10. The excess metal is then
removed and the interconnect lines stay within the etched areas. One method used for the
removal of the excess metal is reactive ion etching (RIE). The success of RIE lies in the
ability of the etching gas to form volatile species with the substrate. Aluminum chlorides
have a vapor pressure in the order of ~10-2 mm Hg at 100°C making them easy to etch
with RIE even at room temperature. On the other hand the vapor pressure of copper
chlorides is roughly eight orders of magnitude lower than that of the corresponding
aluminum compounds13, making it impractical to etch copper with RIE. To get
appreciable rates of RIE for copper, the substrate has to be heated above 200°C13-15; this
temperature could damage other components on the wafer.
2

As an alternative to RIE for copper, the industry adopted a very old technique for
material removal, that is, polishing7,16,17. In this method the wafer is pressed face-down
on a rotating pad and an abrasive slurry is continuously fed to the pad (Figure 1.2). A
typical slurry contains an abrasive, a pH buffer, an oxidizer, and other additives like
corrosion inhibitors, surfactants and complexing agents (details in Table 1.1). The
process is continued until all the excess metal is removed and only the interconnects
remain. After that the wafer is thoroughly rinsed and dried and taken to the next step.
Because of the chemical nature of the slurry, the polishing process is known as chemical
mechanical polishing (CMP). In addition to the high removal rate of material, CMP also
produces a planar surface that extends over the whole area of the wafer, this is known as
global planarity3 (Figure 1.3); global planarity allows for the easy deployment of the
subsequent layers in a multilayer chip. It should be noted that while the acronym CMP
usually stands for chemical mechanical polishing, some authors also use it to refer to
chemical mechanical planarization.

CMP has been known in the electronics industry for some time. This material
removal technique was first used in the planarization of silicon-based materials16,18,19.
The effects of various process parameters, like pressure and rotation speed, on the
removal rate and quality of the final surface have been examined by several
researchers3,20-31. Also, the mechanism of material removal in silicon-based materials has
been thoroughly investigated. It has been well established that the surface of the silicon
material reacts in the aqueous slurry to give a soft hydrated layer which is removed by the
3

abrasion; another layer then forms3,32. Metal CMP has also been found to involve a
modified surface film; in this case the metal reacts with the oxidizing agent present in the
slurry, forming a passive film on the surface. The presence of such a passive film has
been confirmed for aluminum33-35, tungsten36-38 and copper39-41.

The ability of a certain CMP process to polish and planarize the metal surface lies
in its ability to remove material from the high areas at a reasonable rate, at the same time
protecting the recesses on the surface from the attack of the oxidizing slurry. With metals
like aluminum and tungsten the passivation of the recesses is achieved by the
spontaneous reaction of the metal with the oxidizer or just with water; a stable oxide film
forms almost instantaneously. For copper the oxide film does not form under acidic
conditions, and even when the oxide does form under more alkaline conditions, the film
is not protective enough42. Therefore, in copper CMP a corrosion inhibitor is needed to
protect the recesses from the excessive attack of the slurry.

To fully describe a CMP process, one has to consider several factors. Among
them are:
•

The slurry formulation, which is summarized in Table 1.1.

•

The relative speed between the pad and the wafer and

•

The applied pressure.

•

The mechanical properties of the pad (soft or hard pad).

•

Fluid flow on the pad (porosity and groves).

4

All these factors combined contribute to the polishing rate and to the final planarity of the
polished surface. This study focuses mainly on the chemical aspects.

1.3 CMP: Chemical and Electrochemical Aspects
Looking at the common components of a copper CMP slurry (Table 1.1) from a
chemistry point of view, reveals the complexity of this system. Buffers, surfactants,
oxidizers, and inhibitors are all interacting, at the same time, with the copper and with the
copper polishing debris. This results in a situation where the CMP industry works with
slurry recipes that apparently give the desired performance, yet, there is not enough
fundamental understanding of why one recipe works while another does not. And even
within one recipe, some anomalous observations remain unexplained. The following
sections outline some of these observations.

1.3.1 Electrochemical Measurements: How Useful are They?

When copper is being polished, the basic reaction is very simple; copper is
oxidized to copper ions, and the products are swept away:
Cu " Cu+ + e-

(1.1)

Cu+ " Cu2+ + e-

(1.2)

Depending on the pH and other slurry components, the copper ions might form other
compounds. In principle, following the rate of such a process should be a straightforward
electrochemical study, and the determination of the corrosion current by electrochemical
5

means should reproduce the industrially observed polishing rate. Unfortunately,
electrochemical measurements failed in reproducing the observed polishing rate. The
corrosion current determined by electrochemical means is a few orders of magnitude
lower than the observed polishing rate39-47, and this corrosion current is usually referred
to as the “etch rate”.

The apparent failure of electrochemical techniques has deprived the CMP industry
of a powerful tool that has the potential for offering useful insights into the process. If
one were to try to measure the material removal rate, electrochemical experiments offer
several advantages over polishing experiments:
•

They require a simpler setup; an electrochemical cell as compared to a polisher.
The simpler setup enables one to run a large number of experiments in a shorter
time and reduces the risk of artifacts in the results.

•

They enable working in a controlled atmosphere capable of eliminating oxygen,
which is a possible oxidizing agent, and whose presence might interfere with
studying another oxidizer.

•

The hydrodynamics can be carefully controlled in electrochemical experiments by
using rotating electrodes, while on a polisher, the fluid flow between the pad and
the wafer is much more complicated.

•

Electrochemical measurements can be conducted under a controlled driving force
(controlled potential), under controlled rate or reaction (controlled current), or
under free dissolution (at open circuit potential (OCP)).
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•

If compounds were to form in the metal surface, electrochemical measurements,
such as voltammetry, can detect them in-situ.

•

Polishing experiments offer only the net polishing rate, while electrochemical
measurements offer information about the anodic as well as the cathodic reactions
taking place at the metal surface.

•

The material loss rate measured electrochemically is strictly due to the chemistry
of the slurry, unlike the polishing rate, which is affected by the properties of the
pad and the abrasive particles.

These advantages enable the careful study of the kinetics of the reactions taking place at
the metal surface. A rigorous understanding of those reactions would enable the
formulation of the slurries on a more scientific basis. In addition to that, being able to
accurately quantify the chemical contribution (in the form of corrosion current) to the
polishing rate would reveal the complementary part, the mechanical contribution. The
mechanical aspects of CMP can then be viewed separately and optimized without the
interference of the chemical factors.

Recognizing the potential of the electrochemical tools provided an incentive to
understand why they were not applicable in CMP, and the answer for that was not too far
away. The corrosion of a metal is found to increase greatly if the metal surface is
subjected to mechanical action, and the literature contains a plethora of papers that deal
with this issue. This kind of material loss is not referred to simply as metal corrosion, but
as metal erosion, corrosive wear, or metal wear48-58. The synergistic effect of corrosion
and mechanical action is attributed to the rupture of the oxide film protecting the metal.
7

When the oxide film is ruptured by the mechanical action, the underlying bare metal,
which is more reactive than the oxide film, is exposed, resulting in rapid anodic reaction.
This is accompanied by a shift of OCP to more negative values. If the passive film fails to
grow fast enough, then the metal would continue to corrode at a high rate. It is, thus,
important to find out if this is also the case in copper CMP. In particular, the following
questions must be considered: is the copper covered with a passive film? If the film is
ruptured, how much time does it take it to re-grow?

1.3.2 Oxidizer Chemistry: How Much Do We Know?

After polishing a wafer it has to be taken through thorough cleaning procedures
before it is taken to the next manufacturing step. The unreacted slurry components (Table
1.1) as well as the reaction products have to be removed. Using components that require
minimal post-CMP cleaning is considered a great advantage. Among the oxidizers listed
in Table 1.1, two require minimal post-CMP cleaning; these are hydrogen peroxide and
hydroxylamine. For these two oxidizers, the oxidized and reduced forms are volatile
materials:
H2O2 + 2 H+ + 2 e- " 2 H2O

(1.3)

NH3OH+ + H+ + 2 e- " NH3 + H2O

(1.4)

This means that there will be no trace of the oxidizers and their reduction products when
the wafer is dried, unlike ferric ion and iodate, for example.
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These two oxidizers have their special chemistry, which has resulted in some
unexplained observations in CMP investigations. For hydrogen peroxide, the effect of
oxidizer concentration on the rate of polishing was unexpected. While for other oxidizers,
like ferric ion59 and nitrate60 the polishing rate increases with increasing oxidizer
concentration41,59 for hydrogen peroxide the polishing rate increases to a maximum then
decreases at higher concentrations46,61-63. In the case of hydroxylamine, the polishing rate
increases with increasing pH till about pH 6, and then at higher pH values the rate
decreases64.

Looking at the oxidizer strictly as an electron acceptor might work for a simple
oxidizer such as ferric ion. In general, however, oxidizers have more complex chemistry
and one must carefully look at the other possible side reactions of the oxidizers and their
reduction products. The picture becomes even more challenging when looking at the
possibility of interaction between the different slurry components.

1.4 Building upon the Current Understanding
With the exception of iron and aluminum, copper is the most studied metal in the
periodic table*. The slurry formulations used in industry try to make the best possible use
of these studies. It is imperative to take a close look at the current understanding in
copper chemistry to try to explain the CMP observations.

*

A recent search on Chemical Abstracts from 1907 to date yielded 752516 hits for iron, 697290 hits for
aluminum, and 670428 hits for copper.
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1.4.1 Polishing Rate and Corrosion Current

The discrepancies between the electrochemically determined corrosion current
and the observed polishing rate should lie somewhere within the chemistry of the slurry.
While there is a wide variety of oxidizers, buffers, and surfactants used in copper CMP
(Table 1.1), benzotriazole (BTAH) is a staple in almost every slurry formulation.
Attempting to do copper CMP in an acidic medium would lead to metal etching and
surface roughening. The addition of a corrosion inhibitor like BTAH solves that
problem3,7,17. BTAH is known to react with copper under ambient conditions to form a
tenacious film of Cu(I)BTA which protects the metal from further corrosion65-69. When
added to a CMP slurry, BTAH has the same role; it protects the recesses from the attack
by the oxidizing slurry, while the high points on the surface are subjected to the chemical
and mechanical wear from the rotating pad and the slurry.

During CMP operations, copper is most likely in the bare metal condition due to
the continuous contact with the moving pad, while under quiescent conditions the metal
surface is covered with a Cu(I)BTA passive film. Previous electrochemical studies on the
copper-BTAH system have generally focused on the long term behavior65-69, which is
more relevant to corrosion protection. The studies have been conducted in near steadystate conditions, which involve prolonged exposure of the metal to the BTAH solutions
and slow electrochemical polarization experiments. Few studies have probed the initial
stages of the Cu(I)BTA film formation and its kinetics of growth70. The initial stage of
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film growth is of more relevance to CMP, as the film is continuously removed from the
metal surface and a new film starts to grow.

On a microscopic scale (Figure 1.4), the surface of copper during CMP would be
composed of two different regions. The first is the low areas that are not in direct contact
with the moving pad. In these areas BTAH will perform its regular role and a Cu(I)BTA
film can grow and protect the surface. The electrochemical reactions taking place in that
region are well documented in the literature, as they resemble the reactions of copper in a
BTAH solution. However, on the high areas, the regions in contact with the pad, the
situation is different; the pad is continuously abrading away the passive film. If the film
repassivates fast enough, then one would expect that these high regions will be covered
with the passive film to a considerable extent. In that case the electrochemical behavior
would not differ much from that of the low areas, except for maybe the effect of fluid
flow. If the film fails to passivate at a high enough rate, then the high areas of the copper
surface would be directly exposed to the slurry. The reactions taking place in that region
would then differ greatly from what is going on in the low areas and the conventional role
of BTAH as a film former would not be an adequate representation of reality.

The idea of passive film removal is not new to electrochemistry and chemical
engineering. It has been known for a long time that the rate of corrosion of metals is
greatly increased if it is assisted by some mechanical action48,71-74,.This is especially true
for metals and alloys that have a native passive film. The enhanced corrosion rate is
attributable to the mechanical action breaking up the passive film and exposing the bare
11

metal to solution. As for copper in BTAH solutions, there are still not enough data in the
literature to determine the rate of Cu(I)BTA film growth. Without such information, it is
not possible to, unequivocally, describe the state of the metal surface in the high areas
during CMP and to state whether it is passivated or not. Once the condition of the surface
is adequately described, it would be possible to explain why the observed polishing rate
is higher than the corrosion rate measured in a quiescent system.

1.4.2 Anomalous Behavior of Oxidizers

The chemistry of hydrogen peroxide has been widely studied both for its own
merits75-79 and for being an intermediate product in the reduction of oxygen80-83, the most
important cathodic reaction in atmospheric corrosion. In heterogeneous systems in
general, the surface concentrations of the reactants and products are the real controlling
factors for the reactions and not the bulk concentrations. Copper CMP, where solid
copper metal dissolves in the aqueous slurry, is no exception. If the conditions at the
metal surface are favorable for oxide precipitation, due to metal ion concentration or local
pH change, then the rate of copper dissolution would be altered. In a peroxide solution
the anodic reaction, copper dissolution reaction, would increase the copper ion
concentration at the metal/solution interface. Also the cathodic reaction, the peroxide
reduction, would raise the local pH as shown in Equation 1.3. At some point the
conditions would be favorable for the formation of an oxide (or hydroxide).
Determination of the surface conditions during copper dissolution in hydrogen peroxide
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would help explain why the dissolution rate of copper increases with oxidizer
concentration then drops at high concentrations (Section 1.3.2).

The chemistry of hydroxylamine is very rich. Hydroxylamine can be in the
protonated or the deprotonated forms depending on the pH84; it can be oxidized and can
be reduced84; it can also form soluble complexes with metal ions85. In general, the
formation of a complex ion enhances the dissolution of metals. For example the
dissolution of copper is much higher in the presence of ammonia86. However, the effect
of complexation is usually limited to certain pH ranges in which the complexes are
stable. The effect of copper dissolution observed in CMP could be caused by complex
formation. This could be verified by identifying the regions of pH and potential where the
complexes are stable, and comparing them with the regions of increased solubility.

1.5 Objectives of this Work
BTAH is one of the most important components in copper CMP slurries because,
as noted earlier, it forms the Cu(I)BTA film which is crucial in preventing etching in the
low spots on the copper surface (see Figure 1.1). It should be emphasized that the
observed polishing rate is mainly due to the processes taking place at the high spots;
dissolution from the low areas is generally undesirable as it causes roughness. By
understanding more about the conditions of the metal in the high areas one would be able
to explain the difference between the polishing rate and the corrosion current. Thus, the
first objective of this study is to quantify the rate of passivation of an anodically polarized
13

copper surface in BTAH solutions. This would provide solid evidence for whether the
metal surface passivates fast enough or stays as bare metal. In either case, the results are
used to design and conduct electrochemical experiments that mimic the CMP conditions.

The study then examines the anomalous behavior observed in oxidizers: the drop
in the metal dissolution rate observed at high hydrogen peroxide concentrations and the
effect of pH on the dissolution of copper in hydroxylamine solutions. The conditions and
the reactions taking place at the metal/solution interface are used to explain these
observations.

Identifying the chemical reactions taking place at the metal/slurry interface is the
first step to studying the kinetics of a CMP process. And, a good grasp of the kinetics of
the chemical reactions enables more rigorous modeling. Also identifying the reactions
helps during slurry formulation as it reveals the multiple roles of slurry components and
leads to a more scientific approach to slurry design.

1.6 Organization of the Thesis
The second chapter deals with the kinetics of the Cu(I)BTA film growth on
copper. In this chapter it is estimated how long it takes for the Cu(I)BTA film to grow
and cover the metal surface and how that compares to the CMP time scale. From these
results it will be clear what state the metal is in at the high spots; that is, whether it is a
bare metal or a film-covered metal.
14

The electrochemical behavior of the copper metal in the presence of BTAH but in
the absence of the passive film is studied in Chapter 3. The experiments are conducted
both with and without an oxidizing agent and the corrosion current is determined in both
cases. The resulting corrosion current is compared to the reported CMP polishing rates.
It is expected that the corrosion current of the bare metal would be comparable to the
polishing rate.

The dissolution of copper in hydrogen peroxide solutions is examined in Chapter
4. In this chapter the dissolution of copper is studied as a function of hydrogen peroxide
concentration. The pH at the metal surface is measured during the dissolution process and
the surface concentration of the metal ions is calculated theoretically. These conditions
are examined to see if they are suitable for oxide film formation, and therefore are
responsible for the decline in the polishing rate at high peroxide concentrations.

Aqueous stability diagrams and electrochemical measurements are used in chapter
5 to study the dissolution of copper in hydroxylamine solutions. The regions of stability
of the copper-hydroxylamine complexes are determined as a function of pH, potential,
and ligand concentration. Potential measurements are used to verify the existence of these
complexes and the relation between the dissolution rate and the complex formation is
discussed. Complex formation is used to explain the dissolution peak observed around
pH 6.
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In Chapter 6, the final conclusions of the study are summarized and their impact
on copper CMP is highlighted. Also, several possible ideas for future work are presented.
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Table 1.1. Components of a copper CMP slurry. The components are mixed together in a
buffered aqueous medium.† E0 values
Components
Abrasives

Oxidizers

References
87, 88, 95, 89, 90
87, 91, 92, 94, 95, 90
87, 95, 90, 90
39, 40, 87, 92, 93, 95, 89

Alumina
Silica
Ceria
Ferric ion
Fe3+ + e- " Fe2+

E0=0.771 V

Ferricyanide

41, 92, 95

Fe(CN)63- + e- " Fe(CN)64- E0=0.358 V
Hydrogen peroxide

87, 90, 92, 93, 94, 95, 96,

H2O2 + 2 H + 2 e " 2 H2O E =1.766 V

97, 101

Hydroxylamine

88, 98, 99

+

-

0

NH3OH + 2 H + 2 e " NH4 + H2O
+

+

-

+

E0=1.35 V
Nitrate ion

41, 93, 99, 100, 101

NO3 + 2 e + 2H " NO2
-

-

-

+

0

E =0.835 V

Iodate ion

92, 93, 95, 98

IO3 + 6H + 6 e " I + 3 H2O
+

-

-

-

E0= 1.085 V
Persulfate ion

93, 98, 101

S2O8 + 2 e " 2 SO4
2-

-

2-

0

E =2.001 V

Chlorate ion

43

ClO3 + 6H + 6 e " Cl + 3 H2O
-

+

-

-

E0=0.62 V
Corrosion inhibitors

Surfactants
Complexing agents

Other components

Benzotriazole (BTAH)
Tolyltriazole (TTA)
Mercaptobenzothiazole (MBT)
Polyethylene glycol
Ammonia and aliphatic amines
Amino acids
Polydentate ligands
Aliphatic acids

40, 41,90, 92, 93, 97, 101
93
93
90, 93
40, 41, 92, 100, 101
102
87, 88, 92, 96, 98, 103
87, 90, 92, 95, 101

†

E0 values from: CRC Handbook of Chemistry and Physics Cleveland, 78th Edition, p. 8-22 Ohio CRC
Press (1997).
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Metal
interconnects

Via

Via

Metal
interconnects

Figure 1.1 Metal interconnects and vias. Images from IBM Microelectronics Gallery
(www-3.ibm.com/chips/gallery).
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Figure 1.2. Chemical mechanical polishing setup (adapted from Reference 7).
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Cu

Si

Planarity

R µm

G°

Surface smoothing

0.1-2.0

30°

Local planarization

2.0-100

30°-0.5°

Global planarization

> 100

< 0.5°

Figure 1.3. Degrees of planarity3.
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Film
Cu
Si

Figure 1.4. Steps of metal CMP; slow and fast repassivation.
(a) Initial state, all surface is passivated
(b) Passive film ruptured
(c), (d) Fast repassivation, polishing always goes through a passive film
(c’), (d’) Slow repassivation, polishing occurs through dissolution of the base metal on
the high spots.
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Chapter 2

Nucleation and Growth of Cu(I)BTA Films

2.1 Introduction
The effect of BTAH as a passivator for copper is well documented in the
literature1-11; BTAH promotes the formation of a passive film that protects the underlying
metal from corrosion. The stoichiometry of the film was proven to be one copper atom to
one BTAH molecule with the possibility of including anions from solution. The
Cu(I)BTA film forms when copper is simply immersed in an aqueous BTAH solution at
ambient conditions; the film stability can be enhanced if it is formed under anodic
conditions1-4. This understanding was sufficient to explain the role of BTAH in the
corrosion and corrosion protection fields. However, when BTAH is used in copper CMP
slurries, the situation is different. During CMP, the constant abrasion between the high
areas on the copper surface and the rotating pad could damage the passive film and result
in the bare metal being exposed to the slurry. Thus, to get a better idea of the state of the
copper surface during CMP, the processes of film rupture and formation have to be
studied. Film rupture is a mechanical process that is beyond the scope of this study; the
main goal of this chapter will be to study the Cu(I)BTA film growth rate.
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The anodic behavior of copper in a BTAH solution is similar to its behavior in an
alkaline solution; in both cases a film grows and suppresses the corrosion of the base
metal. In an alkaline solution an oxide or hydroxide layer is formed12,13, while in the
BTAH solution Cu(I)BTA is formed1-11. Several studies have examined the kinetics of
the anodic processes of copper in alkaline solutions12-25, but not many have addressed the
kinetics of copper passivation in a BTAH solution26,30.

The following three sections will briefly consider three issues of importance to
this study. First is the current understanding of BTAH as a corrosion inhibitor for copper.
Second are the studies of passivation of copper in alkaline solutions, and third is the
apparent role of BTAH in copper CMP.

2.1.1 The Copper-BTAH System

The first studies on the copper-BTAH system were driven by a unique
phenomenon of this system. Unlike other inhibitors, BTAH passivation for copper
persists even after the metal surface is rinsed27,28; this suggested that some stable
compound is formed on the metal surface. The passivating layer was found to be
insoluble in water and organic solvents and stable up to 250oC. The protective effect was
acquired by simply dipping the copper in solutions of BTAH in water, which became a
common industrial practice. Cotton and Scholes27 suggested that the compound might be
a copper-BTAH complex that has the stoichiometry of one metal atom to one BTAH
molecule. The magnetic properties of the material indicated a Cu(I) species. The authors
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suggested the structure of the film to be as shown in Figure 2.1, and that it extends in a
thin 2-D film. Xue et al.29, using X-ray photoelectron spectroscopy (XPS) and surface
enhanced Raman spectroscopy (SERS), later confirmed that Cu(I)BTA film does grow
under such mild conditions.

Because of the superior corrosion protection offered by BTAH, the copper-BTAH
system has been studied from many different points of view. Early studies reported a
wide range of Cu(I)BTA film thicknesses; Cotton and Scholes27 reported a thickness of
less than 500 nm, while Poling28, Mansfeld and Smith1 reported films that ranged from
1400 nm to 40 µm. According to Poling28, and Mansfeld and Smith1, thicker films are
formed at lower pH. Mansfeld and Smith1 also reported the possibility of forming a two
layer film where the outer film is easily wiped away. Walker2 studied the inhibiting
efficiency of BTAH in different electrolytes and found that the efficiency increases with
BTAH concentration and reaches a maximum at about ~10 mM; it was also reported that
complexing agents could decrease the efficiency. The two-layer structure proposed by
Mansfeld and Smith1 was confirmed by Alkire and Cangellari30 and by Clerc and
Alkire31. Furthermore, Alkire and Cangellari30 observed a nucleation and growth process
for the passive film when an anodic potential step was applied to the metal surface in
BTAH solutions.

Mayanna and Setty7 studied the effect of BTAH on the corrosion of copper single
crystals. They found out that the (100) plane is the most susceptible to inhibition; they
also observed that the corrosion inhibition reaches its maximum at about 7.5 mM BTAH,
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which is close to the value obtained earlier by Walker2. Their study indicated that at very
low concentrations, BTAH mainly acts as an inhibitor for the cathodic reaction, while at
higher concentrations it acts as an anodic inhibitor. The different behavior of
crystallographic planes of copper was also demonstrated by Cruickshank et al.32 using
in-situ atomic force microscopy (AFM) but the authors did not identify which
crystallographic planes are more susceptible to inhibition.

Rubim et al.3 later compared the SERS spectra of BTAH on copper with the
corresponding spectra of lab-prepared copper BTAH compounds. They concluded that
the passive film could incorporate anions from solution; for example, if working in
chloride solution, the film would be [Cu(I)ClBTAH]4. The authors confirmed the stability
of the film by reporting that it is not reducible in cyclic voltammetry even at hydrogen
evolution potentials. Youda et al.8 confirmed the findings of Rubim et al.3 and added that
at cathodic potentials (<-300 mV, SCE) the passive film does not form; instead the
surface of the metal is covered by a chemisorbed layer of BTAH molecules. In a
subsequent publication, Youda et al.9 used SERS to construct Eh-pH diagrams indicating
the regions of the formation of the polymeric Cu(I)BTA and the regions where BTAH
simply adsorbs to the metal surface. They reported that as pH and potential increased, the
formation of the polymeric Cu(I)BTA became more probable. Adsorption was more
likely at low potential and pH. Similar results were obtained by Aramaki et al.4. The
nature of the film that forms at high pH values was disputed by Aruchamy et al.5, who
presented results showing that the film was largely copper oxide or a hydroxide.
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Brusic et al.10 demonstrated that BTAH is a good inhibitor for copper corrosion
even in aggressive solutions like those containing persulfate and ferric ion. The
hydrophobic nature of the film was demonstrated by Thomas et al.33 and it was used to
explain corrosion inhibition. A hydrophobic film, by definition, is water repellent and is
less susceptible to dissolution, thus offering more protection to the base metal.

The stoichiometry of the Cu-BTAH passive film was the subject of many studies.
The simple structure proposed by Cotton and Scholes27

was confirmed by many

techniques3,29,34,35; the only modification to that structure was the possibility of
incorporating anions in the passive film. The incorporation of anions was reported by
Alkire and Cangellari70, Rubim et al.3, Biggin and Gewirth36, and by Brusic et al.10,
among others. The presence of chloride ion in the film was found to make the film more
reducible at cathodic potentials36 and, in general, reduced the efficiency of the inhibitor.
Iodide was found to be a special anion; when added to BTAH solutions, iodide ion almost
doubled the efficiency of BTAH, as observed by Wu et al.11 using electrochemical
methods and later by Pickering et al.37,38 using quartz crystal microbalance (QCM) and
scanning tunneling microscopy (STM).

In an attempt to unify the understanding of the copper-BTAH system, Tromans6
constructed the Eh-pH diagram of the Cu-BTAH-H2O system where the region of
stability of Cu(I)BTA is delineated (Figure 2.2). The region of Cu(I)BTA stability
determined by Tromans is along the same lines as those determined spectroscopically by
Aramaki et al.4 and by Youda et al.8,9 in the low pH range. At pH>7 spectroscopy showed
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that the complex is stable at potentials lower than the limits set in the Tromans Eh-pH
diagram. The presence of the passive film at relatively cathodic potentials has also been
observed by Vogt et al.39 using in-situ STM.

The above literature indicates clearly that BTAH protects copper from corrosion
by forming a Cu(I)BTA film on the metal surface. At low pH the film is stable in
oxidizing conditions, while at neutral-to-high pHs the film is stable under much milder
conditions. Anions can be incorporated into the film; chloride is known to reduce the film
stability while iodide enhances it. In addition to being a superior corrosion inhibitor for
copper, BTAH is also a good inhibitor for copper alloys40-42. This success on copper and
copper alloys has led to a search for possible inhibitors among the BTAH derivatives like
tolyletriazole

(TTAH),

chlorobenzotriazole

(Cl-BTAH),

hydroxybenzotriazole

(OH-BTAH) and nitrobenzotriazole (NO2-BTAH)27,43,44.

2.1.2 Growth of Passive Films on Copper

The growth of passive films on copper in alkaline solutions has been studied by
several groups. The potential range for the formation of the copper oxides is usually
identified from the current peak in polarization experiments 12-23,. Recently, quartz crystal
microbalance (QCM) was used to monitor the film growth through weight gain45-48.
These studies revealed the duplex structure of the film with an inner layer of cuprous
oxide and an outer layer of cupric oxide or hydroxide. This structure shows as two
distinct anodic current peaks in the polarization curves that are accompanied by cathodic
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current peaks. The positions of the anodic and the cathodic peaks shift to more positive
values as pH decreases. Polarization curves were also used to study the passivation of
copper through the formation of copper sulfide49,50 and thiocyanate51.

By applying an anodic potential step to an oxide-free copper surface in an
appropriate solution, the rate of growth of the film can be monitored through the current
transient; this technique was widely used to study the growth of oxide films on
copper12,15,17,20-22,46,49-51. When an anodic step is applied to the copper surface the
oxide-free surface first starts to dissolve. As the passive oxide film grows, the dissolution
quickly ceases resulting in a steep decrease in the current. As the film continues to grow
with time, the current increases and goes through a maximum (Im) at a time (tm) before
diminishing; the shape of the transient is characteristic of nucleation and growth
processes. This behavior is not limited to formation of copper oxides but it is also found
in other systems like copper sulfide50 and thiocyanate51 as well as in the formation of
mercuric oxide52, sulfide53 and chloride54 on mercury. By fitting the observed current
transient to an appropriate model, the growth parameters can be evaluated12,16,52,53; in
addition, other information like the nucleation rate and the nucleation mode are obtained.

For the passivation of copper in BTAH solutions the situation is similar. The
potential range of the formation of the Cu(I)BTA film was observed by several research
groups using polarization experiments,55-58. However, the kinetics of passivation has not
attracted much attention. The current transients of copper in BTAH solutions have been
reported in only a few studies 26,30,55,56,; the shape of the transient was found to be similar
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to the shape observed for copper oxide formation, with the characteristics of a nucleation
and growth process. However, these studies stopped short of analyzing the transients to
understand the nucleation modes and obtain the appropriate growth parameters.

2.2 Passive Films in Copper CMP
According to the model presented by Kaufman et al.59, the passive film plays a
major role in ensuring the success of a CMP process. To planarize or polish a rough
surface, the rate of material removal from the high areas has to be greater than the rate of
removal from the lower areas. According to Kaufman’s model, the formation of the
passive film protects the low areas from attack of the slurry, at the same time the passive
film forms at the high spots and is continuously removed by the abrasive and pad (Figure
1.4 a,b,c,d). In tungsten59 and aluminum60,61 CMP the passive film is the native oxide
layer, while for copper CMP in BTAH-containing slurries this passive film would be the
Cu(I)BTAH1-6.

If the passive Cu(I)BTA film were present on the metal surface in the high areas,
then the corrosion current obtained from electrochemical studies should closely match the
polishing rate. This is not the case, however. In all the electrochemical studies in copper
CMP, the corrosion current is much lower than the observed polishing rate62-65, an
observation which has led some researchers to conclude that the polishing is taking place
mainly by mechanical action and not by chemical action62. The mismatch between the
observed removal rate and the corrosion current is similar to the situation encountered
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during the corrosive wear of metals, where the actual material removal rate is higher than
the electrochemically determined corrosion rate66-73. Studies in the wear field have
concluded that this apparent discrepancy is related to the state of the metal surface.

When a metal is subjected to mechanical wear, the native oxide film is ruptured,
thus exposing the bare metal. The bare metal then reacts with the surrounding medium a
lot faster than does the oxide-covered surface. If the mechanical action is continuous and
the metal is prevented from repassivating, then the system will sustain the high material
loss rate 66-68. This is also true for stress corrosion cracking where the tip of the crack is a
fresh bare metal69. The difference between the mechanically assisted wear and quiescent
corrosion is most obvious in systems that have native oxide films such as stainless steel70,
titanium71, and aluminum72.

For copper CMP in BTAH-containing slurries two observations published in the
literature point in the direction of a wear situation, where the metal passive film is being
ruptured and the bare metal is exposed to the slurry. One is the difference between the
polishing rate and the corrosion current, where the polishing rate is in the range of 300900 nm min-1 and the corrosion current is in the range of 10-80 nm min-1 62-65. The other
is the negative shift in the open circuit potential (OCP) during polishing65,74. This
negative shift indicates that a passive film is being removed, exposing the more reactive
bare metal and increasing the rate of the anodic reaction. However to complete this
physical picture, it must be known whether the metal can repassivate fast enough or if the
repassivation is too slow and the bare metal is always exposed to the slurry. This study
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addresses the issue of passivation kinetics. The growth of the passive film is monitored
on an initially bare metal surface. The observed growth rate is analyzed and the mode of
nucleation is determined. The growth rate is then fitted to an appropriate model; the best
fitting parameters are used to model the surface coverage as a function of time. From the
modeled surface coverage it is possible to determine whether or not the surface has
enough time to repassivate during CMP.

2.3 Materials and Methods
2.3.1 Materials

Analytical grade chemicals and double-distilled water were used to prepare all
solutions used in these experiments. The solution pH was controlled using a mixed buffer
containing 0.04 M each of acetic, boric and phosphoric acids; an appropriate volume of
2.0 M NaOH was added to adjust the pH75. The required amount of BTAH was dissolved
in the acid solution prior to the final pH and volume adjustments. Solution was placed in
the cell and deaerated with purified nitrogen for ~15 min before the experiment. Nitrogen
flow was maintained during the experiments. However, some air might have been
introduced into the cell while inserting the copper sample (4 cm OD). All the experiments
were conducted at ambient temperature (~24°C). Curve fitting and simulation were
carried out using MathCad software package.
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2.3.2 Quartz Crystal Microbalance

Copper samples were prepared by galvanostatic plating of copper from an acid
copper sulfate solution (80 g/l CuSO4, 50 g/l H2SO4, and 50 g/l ethanol, in water) onto a
Au/Cr coated 5 MHz quartz crystal (MaxTek Inc.). After plating the copper film the
crystal was rinsed with double-distilled water and transferred to the electrochemical cell.
The crystal was cleaned after each experiment with dilute nitric acid to remove the
deposited copper and a new copper film was deposited. The frequency of the crystal was
monitored using a MaxTek model PM 740 plating monitor system. The data were logged
onto a computer. The microbalance was calibrated during the deposition of copper on the
crystal at 10 mA cm-2; the following relation was found assuming 100% efficiency for
copper deposition76:

∆m = -2.2686 × 10-8 ∆f

(2.1)

where ∆f is the shift of the crystal frequency, and ∆m is the mass gain in grams per
square centimeter. The total copper deposited corresponded to a shift of ~17 kHz which
is within the linear response region of the crystal.

By plotting ∆m versus time (t), the slope, dm/dt, was obtained for all values of t.
Mass change during anodic polarization of copper was converted to current (icorr) using
Faraday’s law:
icorr =

1
dm
⋅
dt M ⋅ nF

(2.2)
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where F is the Faraday constant, n is the number of electrons, and M is the molecular
weight of the reacting species. Copper reacts with BTAH giving Cu(I)BTA, for this
reason the number of electrons (n) was taken to be one, and the molecular weight (M)
was taken to be that of BTAH (119.13 g mole-1).

2.3.3 Electrochemical Measurements
The microbalance and a Gamry potentiostat were connected as shown in Figure
2.3. The data capture was synchronized manually for the two instruments.
Electrochemical measurements were performed in a three-electrode setup as shown in
Figure 2.4. A platinum mesh was used as a counter electrode and the potentials reported
were measured against a saturated calomel reference electrode (SCE) unless otherwise
indicated.
2.3.3.1 Polarization Experiments
A quartz crystal coated with a fresh copper film was placed in the electrochemical
cell which contains the buffered BTAH solution. After reducing the surface of copper at a
potential of -500 mV SCE for 1000 seconds, the potential was scanned at a rate of
1 mV s-1 from -400 to 350 mV SCE and the current was recorded. At the same time the
frequency shift of the quartz crystal was recorded.
2.3.3.2 Potential Step Experiments
In these experiments, a fresh copper-coated crystal was placed in the buffered
BTAH solution; the surface was reduced at -500 mV SCE for 100 seconds then the
potential was stepped to an anodic value and the current was recorded. To capture all the
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features of the transients the current was recorded at a rate of 2 readings per second, the
capability of the potentiostat limited the length of the experiment to 1800 seconds. In
general, this time was enough to capture all the current transients except for the low
polarization and high concentrations of BTAH.
2.3.3.3 Scanning Electron Microscopy
For samples subjected to scanning electron microscopy, commercially pure
copper foil was used. The backside and the edges of the foil were insulated with epoxy,
leaving an exposed area of 0.5 cm2. The samples where degreased with acetone and
rinsed with water, then transferred to the electrochemical cell to grow the Cu(I)BTA film.
After the experiments the samples were gently rinsed with double-distilled water and
dried in a stream of nitrogen. A Philips SEM XL-20 scanning electron microscope was
used for taking the images.

2.4 Results and Discussion
2.4.1 Polarization Curves

The polarization of copper in pH 2.0 buffer solution is shown in Figure 2.5;
copper dissolves and there is no indication of passive film formation. The polarization of
copper is shown in Figures 2.6 to 2.9 for different BTAH concentrations (curve a). One
anodic peak is observed around 200 mV SCE which is consistent with the previous
observations in the literature at comparable pH values9,11,56,58; this peak is assigned to the
formation of the Cu(I)BTA film. The peak positions shifts to more negative values with
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increasing BTA concentration. In 25 mM BTAH solution, the peak is positioned at 175
mV SCE while in 150 mM BTAH the peak is at 125 mV SCE. In principle this shift
should be expected, as the formation reaction of Cu(I)BTA is given by:

or

Cu + BTAH " Cu(I)BTA + e- + H+

(2.3)

log K = -pH - pε - [BTAH]

(2.4a)

pε = - log K - pH - [BTAH]

(2.4b)

where Eh = 0.059 pε. Equation 2.4b implies that the potential at which Cu(I)BTA forms
would shift to more negative values with increasing the pH and with increasing the
BTAH concentration. Figure 2.2a and b6 show that the Cu/Cu(I)BTA equilibrium line
does shift down at higher BTA concentration and that the line has a negative slope with
pH.

In the literature, it has been reported that higher BTAH concentration yield a more
compact Cu(I)BTA layer77. A more compact layer is more protective against further
dissolution. The results presented in Figures 2.6 to 2.9 show that the height of the anodic
peak decreases with BTAH concentration. This indicates that the film formed at higher
BTAH concentration is more compact and protective, which is consistent with the
findings of Zhang et al.77. No clear reduction peak was observed in the reverse scan3,36
(Figures 2.6-2.9).

In Figures 2.6 to 2.9 the current calculated from the corresponding mass gain
(QCM experiments) is also plotted (curve b). In all cases, the mass gain curve exhibits an
anodic peak; this is an indication of the passive film growth. However, the current
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calculated from the mass gain, in the QCM experiments, is always higher than the current
measured by the potentiostat. This can be explained by looking at the SEM images in
Figure 2.10. The images show that the passive film is porous. Previous reports in the
literature70,78 have also indicated that the Cu(I)BTA film grown in acidic conditions is
porous. The solution entrapped in the pores of the film will record as a mass gain but will
not show in the current monitored by the potentiostat. This would be the reason why the
microbalance results are higher than the electrochemical measurements.

From these polarization experiments, a potential range of 45 to 150 mV SCE was
selected to study the growth of the film. This region is within the potential range of film
formation as shown in the polarization curves and it is within the range of OCP observed
for copper in CMP oxidizers79.

2.4.2 Potential Step Experiments
2.4.2.1 The Current Transients
Figures 2.11 through 2.14 show the current as a function of time when an anodic
potential step (Es = 45, 60, 75, 90, 120, 150 mV SCE) is applied on the copper surface in
different BTAH concentrations.

The transients are generally characterized by a steep decay of current followed by
a current maximum (Im at tm) after which the current diminished with time. These features
are consistent with those observed previously in the literature for the copper-BTAH
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system

26,55,56,70

. The shape of the transients is indicative of a film growth process that is

passivating the metal surface12,52-54, which is consistent with the well established role of
Cu(I)BTA film. The initial steep decrease in the current corresponds to the dissolution of
the base metal which diminishes due to the passive film formation12,52. At the same time
the film growth leads to the current maximum observed later on.

The diagram show that as the step potential (Es) increases, Im increases and tm
decreases, and as the BTAH concentration increases, the value of Im decreases and tm
increases. These trends are summarized in Table 2.1. The effect of potential on Im and tm
is similar to the effect observed for the growth of films on mercury52-54 and copper50. The
effect of changing the BTAH concentration has not been previously reported in the
literature.
2.4.2.2 Analysis of the Current Transients
The nucleation of the film can occur either instantaneously, where all the nuclei
form at the beginning of the anodic step, or progressively where nuclei form at a constant
rate. The model developed by Thirsk et al.52-54 was used to study the growth of these
films and to understand their mode of nucleation. Previously, this model was used
successfully in studying the growth of oxides on copper12 and on mercury52. The general
equation for the growth current (Ig) with time (t) is given by12,52 :
Ig = p1[1-exp(-p2 ty)] exp(-p2 ty)
For progressive nucleation:

(2.5)

y=3
p1 = zFk1
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and

p2 = πAM 2 k 22 3d 2

For instantaneous nucleation: y = 2
p1 = zFk1
and

p2 = πNM 2 k 22 d 2

where z is the number of electrons exchanged in the reaction, F is the Faraday constant,
M is the molecular weight of the film material, d is its density, k1 is the rate of film
growth parallel to the metal surface, k2 is the rate perpendicular to the surface, N is the
number of nuclei formed under instantaneous nucleation while A is the rate of nucleation
under progressive nucleation.

In order to identify the mode of nucleation, the dimensionless plots I/Im versus t/tm
were used12:

−ty

−ty

I
= 4 1 − exp y ln 2  exp y ln 2 
Im
 tm

 tm



(2.6)

The results are presented in Figures 2.15 through 2.18. The points in the graphs represent
the data from Figures 2.11 to 2.14 and the lower and upper curves represent the
progressive and the instantaneous models respectively. In these graphs the initial part of
the current transient was not considered, as that region will be dominated by the
dissolution. The results show that the current is in general higher than the progressive
growth model. It should be taken into account that this model does not consider the
possibility of film dissolution. In real experiments the dissolution of the film is possible,
thus the measured current is a sum of the film growth and the film dissolution, leading to
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higher values of I/Im. Eliminating the effect of dissolution would bring the data points
closer to the progressive growth model.
2.4.2.3 Effect of pH
The pH of the solution used for the previous experiments was 2.0; this is close to
the pH at which BTAH is protonated,
BTAH2+ " BTAH + H+

pKa ≅1

6

(2.7)

One should then expect the pH to have an effect on the Cu(I)BTA film formation,
especially given the fact that d[BTAH]/dpH (or d[BTAH2+]/dpH) is maximum at
pH=pKa. The speciation diagram of BTAH in water is given in Figure 2.19. For this
diagram pKa was taken to be 1.0. At lower pH values the protonated form BTAH2+ is
dominant. As pH increases, the fraction of unprotonated BTAH increases.

To examine the effect of pH, additional experiments were conducted at pH 2.3
and 3.3. The current transients are shown in Figures 2.20 and 2.21. The dimensionless
plots (Figure 2.22) show that as the pH increases the reactions shift from progressive to
instantaneous nucleation. The data at pH 2.0 are scattered around the progressive
nucleation mode, at pH 2.3 the data are shifted towards the instantaneous model, and at
pH 3.3 the data are above the instantaneous nucleation model. The effect of pH on the
nucleation could be explained by looking at the reaction taking place at the metal
surface6-11,80:
nCu+ + nBTAH" (Cu(I)BTA)n + nH+

(2.8)
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The reaction takes place with Cu+ or one of its complexes depending on the anions
available in solution. Increasing the fraction of BTAH at the metal surface would drive
the reaction forward, resulting in a faster nucleation rate and, thus, approaching the
instantaneous nucleation case. On the other hand at lower pH the BTAH concentration is
lower (BTAH2+ higher, Equation 2.7) and this would limit the rate of formation of
Cu(I)BTA in the initial stages, thus, keeping the process in a progressive nucleation
range.
2.4.2.4 Nucleation and Growth Parameters
For the experiments conducted at pH 2.0, it was decided to use the progressive
nucleation model as the data points are scattered around the curve that represents this
model. By fitting the experimentally obtained current transients to Equation 2.5
considering progressive nucleation, the parameters p1 and p2 can be obtained, results are
shown in Figures 2.23 and 2.24. The simulated transients are shown in Figures 2.25 to
2.28; the values of p1 and p2 are given in Table 2.2. The driving force for the film
formation is the applied potential; therefore, the growth rate constants k1 and k2 will both
increase with potential. In addition to that the nucleation rate (A) is known to increase
with potential50,54,81. This explains the dependence of p1 and p2 on potential (Equation
2.5).

To obtain the values of the rate of nucleation (A), the k1 and k2 values had to be
assumed to be equal. This assumption is valid only for uniformly growing crystals82,
which might not be the case for Cu(I)BTA; the SEM images (Figure 2.10) show that the
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film is a random network of particles. This means that the values of A obtained for k1=k2
are only qualitatively correct. The values of A for different BTAH concentration and
different potentials are given in Table 2.3. The nucleation rate (A) was found to increase
with potential, which is consistent with the previous literature50,54,81,82; also, the values of
A are within the same order of magnitude as those of Cu2S50. In the present study, the
nucleation rate decreased with increasing inhibitor concentration.
2.4.2.5 Surface Coverage
The values of p1 and p2 were used to calculate the surface coverage of copper with
Cu(I)BTA as a function of time. This study is investigating whether or not the Cu(I)BTA
film has a chance to grow during CMP; therefore, the maximum possible rate of coverage
is calculated. The maximum coverage is obtained at the lowest film thickness; that is, the
thickness of one BTAH molecule. The monolayer thickness was estimated from the
optimized geometry of one BTAH molecule laying flat on the copper surface83,84 and was
taken to be 2.0 Å. The coverage (θ’) is given by:

θ′ =

t

M
I g dt
ndFha ∫0

(2.8)

where the area of the electrode a=1.34 cm2, and the film thickness h=2.0x10-8 cm. This
coverage does not take into account the overlap of the growing nuclei. The Avrami
theorem85 gives the relation between coverage not taking into account the overlap, and
the real coverage that takes the overlap into account. The corrected coverage (θ) is given
by :

θ = 1 − exp(− θ ′)

(2.9)
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The surface coverage as a function of time is shown in Figures 2.29 to 2.32. From these
graphs it is clear that it takes at least ~20 seconds to get full surface passivation.
2.4.2.6 Average Lifetime of the Cu(I)BTA Film
During CMP, the copper surface is continuously abraded by the moving abrasive
particles. When the Cu(I)BTA film is ruptured by a moving particle, the bare metal starts
to grow a new film until it is hit by the next abrasive. The average time that a certain spot
on the wafer can survive being hit by a moving abrasive particle could be estimated as
follows.
• Due to the roughness of the wafer and the porosity of the pad, the real contact area
between the pad and the wafer is in the range of 0.001%86 to 1.587 of the apparent
contact area (total area of wafer).
• The relative velocity between the wafer and the pad is in the range of 1 m s-1 62,88,89.
• The particle size of the abrasive is taken to be 0.3 µm90,91.
A square element of area (aw) of 0.3×0.3 µm2 on the wafer, will traverse an apparent area
(ap) of 0.3×106 µm2 s-1 on the pad. To get the maximum possible time between collisions,
the lowest estimate of real contact area was considered. The wafer element aw comes in
contact with only 0.00001 of ap, therefore the actual traversed area will be 3.0 µm2 s-1.
Assuming that the abrasive particles are 0.3 µm squares, the wafer area aw comes in
contact with 33 abrasive particles per second. This leaves a maximum time in the order of
30 ms for the film growth before it is ruptured by the next moving particle.
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Figures 2.29 to 2.32 show that the time needed to have complete coverage is
about 20 seconds. This means that there is not enough time to grow a passive film, and
that the high spots on a polished wafer are in the bare metal state.
2.4.2.7 Comparison with Instantaneous Nucleation Model
For comparison, the values of the parameters p1 and p2 were determined using the
instantaneous nucleation model; the resulting parameters are given in Table 2.4. One plot
for the surface coverage is given in Figure 2.33. Comparing Figure 2.33 (progressive
nucleation) with Figure 2.31 (instantaneous nucleation) shows that the instantaneous
nucleation model predicts a faster surface coverage; however, the time for complete
passivation is still in the range of tens of seconds, which is a lot higher than the time
available during CMP.

2.4.3 Implications for Copper CMP

When copper is exposed to a CMP slurry the oxidizers shift the open circuit
potential (OCP) to more positive values; in ferric nitrate solutions the OCP was found to
be at ~50-100 mV SCE and it shifted to more positive values with rotation79. This implies
that the copper metal will be exposed to anodic polarization – due to the presence of the
oxidizer - which will cause the surface to passivate. When the film is ruptured by the
mechanical action of the abrasive and pad, it will not have enough time to repassivate,
and the copper would stay as a bare metal exposed to the slurry which contains both the
oxidizer and the BTAH.
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This picture is contrary to the situation encountered during typical laboratory
corrosion studies, where the metal interacts freely with the electrolyte for extended
periods of time, allowing for the passivation of the surface. The presence of the passive
film during conventional corrosion experiments would explain why the material removal
values obtained are much lower than the observed CMP polishing rate. For example,
Steigerwald et al.62 obtained a polishing rate of 840 nm min-1 for copper in 1 vol% HNO3
plus 1 wt% BTAH; the same medium gave virtually no etch rate. Therefore, if one were
to design electrochemical experiments that mimic the CMP conditions, the metal has to
be bare and the effect of film formation has to be eliminated.

This understanding is in agreement with the electrochemical studies of corrosion
under wear condition. When metals are subjected to mechanical wear in a corrosive
environment, the observed material loss is a lot higher than the conventional corrosion
measurements66-73. The concept of exposing the bare metal in aluminum CMP studies has
been tested by Devecchio et al.92 who used an atomic force microscope to scratch the
metal surface. They found that scratching accelerates the material removal rate. It should
be noted, however, that studying the electrochemistry of the bare metal does not
eliminate the role of the inhibitor. BTAH is always present in the electrolyte and will
adsorb on the metal surface. The resulting inhibiting effect on the cathodic reaction79
causes a reduction in the metal dissolution rate.
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2.5 Conclusions
The present results have shown that the anodic transient for copper in BTAH
solution is made up of two components, i.e. the dissolution of the anodically polarized
copper and the growth of the Cu(I)BTA film. The dissolution of copper diminishes as the
Cu(I)BTA film grows and passivates all the metal surface. The growth of the passive film
can be represented by a 3D growth equation. Dimensionless plots reveal that progressive
nucleation is dominant at low pH and instantaneous nucleation dominates as the pH
increases.

Calculated surface coverage indicates that complete passivation of the surface is
achieved only after a relatively long time compared to the CMP situation. The fastest
Cu(I)BTA coverage was achieved at lower BTAH concentration and higher polarization.
Increasing the BTAH concentration and decreasing the potential both caused the rate of
film growth to decrease and for the full coverage to take a longer time. Increasing the
potential increased the nucleation rate while increasing the BTAH concentration
decreased it. The effect of potential on the nucleation rate is consistent with the literature.
The effect of BTAH can be explained through the adsorption of the inhibitor molecules to
the metal surface, thus decreasing the number of sites available for nucleation and
resulting in a decreased overall nucleation rate.
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Table 2.1.Values of Im and tm at different potentials and BTAH concentrations; Im, tm.
Es , mV

150

120

90

75

60

45

8.98

8.63

5.77

4.68

1.73

1.39

84

107

210

273

315

589

Im x 105, A

8.24

6.01

3.52

2.24

1.40

0.86

tm , s

112

212

296

443

602

874

Im x 105, A

6.16

4.16

2.72

2.09

1.57

1.18

tm , s

148

250

407

475

539

753

Im x 105, A

2.47

1.40

1.01

0.92

-

-

tm , s

538

683

1144

1364

-

-

BTAH, mM

25

Im x 105, A
tm , s

50

75

150
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Table 2.2. Fitting parameters for the current transients; p1, p2 .
Es , mV

150

120

90

75

60

45

p1 x104

2.95

2.68

1.55

1.38

0.64

0.5

p2 x 108

98.7

46.5

7.47

3.46

1.05

0.28

p1 x104

2.60

1.66

1.09

0.78

0.49

0.30

p2 x 108

46.3

7.13

2.88

0.77

0.24

0.11

p1 x104

1.92

1.28

0.83

0.65

0.52

0.385

p2 x 108

26.6

4.96

1.03

0.61

0.37

0.149

p1 x104

0.77

0.51

0.34

0.31

-

-

p2 x 108

0.39

0.16

0.043

0.030

-

-

BTAH, mM

25

50

75

150
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Table 2.3. Nucleation rate x 10-6 s-1 cm-2.
Es , mV

150

120

90

75

60

45

25

8.22

4.70

2.25

1.33

1.87

0.80

50

4.97

1.88

1.77

0.91

0.74

0.87

75

5.26

2.22

1.09

1.03

0.98

0.73

150

0.48

0.45

0.26

0.23

-

-

BTAH, mM
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Table 2.4. Fitting parameters for the current transients using instantaneous nucleation
equation; p1, p2.
Es , mV

150

120

90

75

60

45

p1x104

2.75

2.54

1.38

1.17

0.58

0.44

p2 x105

10.24

6.78

1.70

0.91

0.61

0.19

p1 x104

2.26

1.48

0.98

0.70

0.44

0.27

p2 x105

5.92

1.69

0.94

0.40

0.20

0.10

p1 x104

1.61

1.11

0.71

0.56

0.46

0.34

p2 x105

3.90

1.41

0.46

0.34

0.24

0.14

p1 x104

0.67

0.47

0.30

0.28

-

-

p2 x105

0.26

0.15

0.05

0.04

-

-

BTAH, mM

25

50

75

150
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Figure 2.1. Structure of relevant molecules and compounds
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Eh, V

a

Eh, V

b

Figure 2.2. Eh-pH diagram of the copper-BTAH-water system6.
a) 10-4 M BTAH

b) 10-2 M.
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Figure 2.3. Experimental setup.
a.
b.
c.
d.
e.
f.
g.
h.

Electrochemical cell
Working electrode (quartz crystal)
Reference electrode
Counter electrode
Potentiostat
Microbalance controller
Working electrode cable
PC
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Figure 2.4. Electrochemical cell.
a.
b.
c.
d.
e.
f.
g.
h.
i.
j.

Crystal holder
Reference electrode
Counter electrode
Fritted glass
Solution level
Stopper
Nitrogen inlet
To microbalance controller
Gold electrode
Quartz crystal
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Figure 2.5. Polarization behavior of copper in pH 2.0 buffer solution; scan rate =10
mV s-1 .
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Figure 2.6. (a) CV (b) QCM results for copper in 25 mM BTAH at pH 2.0, scan rate=1
mV s-1 .
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Figure 2.7. (a) CV (b) QCM results for copper in 50 mM BTAH at pH 2.0, scan rate=1
mV s-1 .
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Figure 2.8. (a) CV (b) QCM results for copper in 75 mM BTAH at pH 2.0, scan rate=1
mV s-1 .
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Figure 2.9. (a) CV (b) QCM results for copper in 150mM BTAH at pH 2.0, scan rate=1
mV s-1 .

65

a

b

Figure 2.10. SEM image of the copper surface at 100 mV in 75 mM BTAH after (a)100 s
(b) 500 s .
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Figure 2.11. Current transients at different potentials in 25 mM BTAH, pH 2.0 (a)150
mV SCE (b) 120 (c)90, (d) 75, (e)60, (f) 45.
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Figure 2.12. Current transients at different potentials in 50 mM BTAH, pH 2.0 (a)150
mV SCE (b) 120 (c)90, (d) 75, (e)60, (f) 45.
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Figure 2.13. Current transients at different potentials in 75 mM BTAH, pH 2.0 (a)150
mV SCE (b) 120 (c)90, (d) 75, (e)60, (f) 45.
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Figure 2.14. Current transients at different potentials in 150 mM BTAH, pH 2.0 (a)150
mV SCE (b) 120 (c)90, (d) 75.
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Figure 2.15. Dimensionless plot for growth in 25 mM BTAH solution, pH 2.0 ! 45 mV
SCE, !60, !75, "90, "120, #150.
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Figure 2.16. Dimensionless plot for growth in 50 mM BTAH solution, pH 2.0 ! 45 mV
SCE, ! 60, ! 75, " 90, " 120, # 150.
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Figure 2.17. Dimensionless plot for growth in 75 mM BTAH solution, pH 2.0 ! 45 mV
SCE, ! 60, ! 75, " 90, " 120, # 150.

73

1.0
0.9
0.8
0.7

I/Im

0.6
0.5
0.4

Inst.

0.3

Prog.

0.2
0.1
0.0
0.0

0.5

1.0

1.5

2.0

2.5

t/tm

Figure 2.18. Dimensionless plot for growth in 150 mM BTAH solution, pH 2.0, , ! 75
mV SCE, " 90, " 120, # 150.
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Figure 2.19. Speciation diagram of BTAH in water.
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Figure 2.20. Current transients at different potentials in 75 mM BTAH, pH 2.3 (a)150
mV SCE (b) 120 (c)90, (d) 75, (e)60, (f) 45.
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Figure 2.21 Current transients at different potentials in 75 mM BTAH, pH 3.3 (a)150 mV
SCE (b) 120 (c)90.
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Figure 2.22. Comparison of the nucleation mode at ( a) pH 2.0 , (b) pH 2.3 , (c) pH 3.3.
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Figure 2.23 Variation of p1 with potential at different BTAH concentrations, pH 2.0,
"25 mM BTAH, ! 50, ! 75, ! 150 .
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Figure 2.24. Variation of p2 with potential at different BTAH concentrations, pH 2.0,
"25 mM BTAH, ! 50, ! 75, ! 150 .
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Figure 2.25. Simulated transients using the fitted values of p1 and p2 at 25 mM BTAH,
pH 2.0, (a)150 mV SCE (b)120 (c)90, (d)75, (e)60, (f)45 .

81

100
90
80
70
a

50

I,A

I, A

60

40

b

30
c

20

d
e

10

f

0
0

200

400

600

800

1000

Time, s
Figure 2.26. Simulated transients using the fitted values of p1 and p2 at 50 mM BTAH,
pH 2.0, (a)150 mV SCE (b)120 (c)90, (d)75, (e)60, (f)45.
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Figure 2.27. Simulated transients using the fitted values of p1 and p2 at 75 mM BTAH, pH
2.0, (a)150 mV SCE (b)120 (c)90, (d)75, (e)60, (f)45.
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Figure 2.28. Simulated transients using the fitted values of p1 and p2 at 150 mM BTAH,
pH 2.0, (a)150 mV SCE (b)120 (c)90, (d)75.

84

a

1

b
c

a
d

b

d
e

c

f
e

θ

f

0.5

0
0

50

100

150

200

250

300

Time, s
Figure 2.29. Calculated surface coverage as a function of time in 25 mM BTAH, pH 2.0,
(a)150 mV SCE (b)120 (c)90, (d)75, (e)60, (f)45.
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Figure 2.30. Calculated surface coverage as a function of time in 50 mM BTAH, pH 2.0,
(a)150 mV SCE (b)120 (c)90, (d)75, (e)60, (f)45.
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Figure 2.31. Calculated surface coverage as a function of time in 75 mM BTAH, pH 2.0,
(a)150 mV SCE (b)120 (c)90, (d)75, (e)60, (f)45.
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Figure 2.32. Calculated surface coverage as a function of time in 25 mM BTAH, pH 2.0,
(a)150 mV SCE (b)120 (c)90, (d)75.

88

1

a

b

c d
e
f

0.5

0
0

50

100

150

200

250

300

Time, s

Figure 2.33. Calculated surface coverage as a function of time calculated using the
instantaneous nucleation model, 75 mM BTAH, pH 2.0, (a)150 mV SCE (b)120 (c)90,
(d)75, (e)60, (f)45.
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Chapter 3

Dissolution of Copper in the Absence
of the Cu(I)BTA Film

3.1 Introduction
The formation of the passive Cu(I)BTA film is believed to be the main
mechanism by which BTAH inhibits the corrosion of copper1-11. However, it has been
documented that at cathodic potentials BTAH does not form the Cu(I)BTA film, but
rather it adsorbs on the copper surface4,5. This adsorption has an inhibiting effect on the
reactions taking place at the copper surface.

During copper CMP in a BTAH-containing slurry, BTAH is expected to act as a
corrosion inhibitor and form the passive Cu(I)BTA film on the metal surface. The results
presented in Chapter 2 indicate that, in the high spots, the film, once ruptured, does not
have enough time to grow and repassivate the metal. This changes the picture for BTAH
as a corrosion inhibitor for copper; BTAH is still there but the Cu(I)BTA film is not. The
presence of the film suppresses the dissolution of the metal. However, what would
happen if the film is not there? This chapter examines the electrochemistry of copper in
BTAH solutions, in the absence of the Cu(I)BTA film. As a prelude to exploring the
effect of passive film removal, the following two sections review some of the relevant
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literature dealing with the copper-BTAH system, as well as metal wear phenomena which
involve passive film formation and removal.

3.2 BTAH as a Corrosion Inhibitor
In electrochemical terms, the decrease in corrosion rate is represented as a
decrease in the corrosion current density, which is measured at the open circuit potential
(OCP). At the OCP the rate of the anodic reaction (anodic current, ia) is equal to the rate
of the cathodic reaction (cathodic current, ic) and consequently equal to the rate of
corrosion (corrosion current icorr).
ia = -ic = icorr

(3.1)

A decrease of the corrosion current can be caused by the reduction of the anodic or
cathodic current or both. If an inhibitor reduces the anodic current it is said to be an
anodic inhibitor; on the other hand, if it reduces the cathodic current it is termed a
cathodic inhibitor. Anodic inhibitors would decrease the corrosion current and shift the
OCP to positive values, while cathodic inhibitors would decrease the corrosion current
and shift the OCP to more negative values. The relationship between ic, ia and OCP is
summarized in Figure 3.1.

Under suitable conditions, BTAH will form, on the metal the surface, the
Cu(I)BTA film which will act as a barrier for metal dissolution; this implies a decrease in
the anodic reaction rate, and consequently BTAH would be identified as an anodic
inhibitor. One would then expect the OCP to shift to more positive values with increasing
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BTAH concentration; this trend has been reported by a large number of researchers,
including Mayanna and Setty7, Youda et al.8,9, Brusic et al.10, Wu et al.11, Ling et al.12,
Tromans6, Tromans and Silva13, Fenelon and Breskin14, Guilminot et al.15, and
Metikos-Hukovic et al.16.

BTAH also has an effect on the cathodic reaction, but this is generally less
pronounced than its effect on the anodic reaction. BTAH can decrease the current in the
cathodic branch, but the reduction is generally not enough to cause a negative shift on the
OCP. While the inhibition of the cathodic reaction often goes unrecognized in the
literature, it can be clearly seen in the published polarization curves, for example in the
work of Poling 17, Youda et al.8,9, Brusic et al.10, Fenelon and Breskin14, Qafsaoui et al.18,
and Metikos-Hukovic et al.16.

The effect of BTAH on cathodic reactions was also

discussed by Armstrong and Muller19, who reported an increase of 0.6 V in the
overpotential for the onset of copper deposition from acid sulfate solution if BTAH is
present. Mayanna and Setty7 found that at very low concentrations of BTAH, the passive
film would not form, and the effect of BTAH on the cathodic reaction became more
pronounced and BTAH acted as a cathodic inhibitor.

3.3 Film Removal
Studies on industrial metals and alloys have indicated that steady-state corrosion
studies do not represent the situation during corrosive wear (also known as wear)20-30.
While wear of these alloys occurs on a surface where the native passive film has been
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mechanically ruptured, steady-state corrosion occurs on an intact passive film. The same
situation is encountered during stress corrosion cracking, where the tip of the crack is
bare metal22,23. The steady-state corrosion studies underestimated the rate of crack
growth; the corrosion rate of a bare metal is needed for accurate modeling of the crack
growth24. For these reasons researchers have worked on various methods to study the
electrochemistry of bare metals; Newman summarized these methods in a review24.
These methods mainly measure the current on a freshly depassivated surface; the
depassivation is done mechanically by scratching the electrode surface or
electrochemically by reduction at a highly negative potential. A suitable potential is
applied to the sample and the current is recorded. By applying different potentials to the
metal surface, the polarization (i versus E) curve can be reconstructed for the bare metal.
Several authors also considered the kinetics of repassivation and attempted to reconstruct
the current transients25-27. In all the studies performed on bare metal surface, the current
was much higher than the current measured in steady-state corrosion experiments.

Comparing copper CMP in BTAH-containing slurry with metal wear, one notices
several similar features. In CMP the copper acquires a passive film (Cu(I)BTAH), so
does stainless steel26 (or other alloys). In both CMP and wear24,26,27 the passive film is
ruptured. In both CMP31-34 and wear24-30, the rate of material removal is much higher
than the predictions of steady-state corrosion experiments. This comparison leads to the
conclusion that copper CMP should be studied as a metal wear phenomenon.
Accordingly, this study attempts to investigate the copper CMP process from a metal
wear point of view. The tools developed to study the rate of metal wear are utilized to
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study the corrosion of copper in CMP-like solutions. This approach should give corrosion
current values that are comparable to the observed polishing rates. Obtaining corrosion
currents that are comparable to the polishing rate would be strong evidence that copper
CMP is a chemical process and not mechanical as proposed in early copper CMP
studies31.

3.4 Materials and Methods
3.4.1 Materials
All solutions were prepared from analytical grade chemicals in double-distilled
water. Hydrogen peroxide was standardized against KMnO435. The solution pH was
controlled using a mixed buffer containing 0.04 M each of acetic, boric and phosphoric
acids; an appropriate volume of 2 M NaOH was added to adjust the pH36. The required
amount of BTAH was dissolved in the acid solution prior to the final pH and volume
adjustments. The solution was placed in the cell and deaerated with purified nitrogen for
15 min before the experiments. Nitrogen flow was maintained during the experiments;
however, due to the complexity of the design of the cell (Section 3.4.2), one could not
ensure that all the oxygen had been removed. All the experiments were conducted at
ambient temperature (~24°C).
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3.4.2 Continuous Scratching Setup

A special three-electrode assembly (Figure 3.2) was constructed to allow for the
removal of the Cu(I)BTA film during electrochemical measurements.

The working

electrode was a hollow cylinder of pure copper (99.998%) embedded in Teflon and epoxy
to expose a ring of 5.4 mm OD, 5.0 mm ID. A spring-loaded sharp SiC tool was placed
against the copper ring in such a way that it could touch the rotating ring or retract away
from it. A Luggin probe was placed near the rotating ring and led to a saturated calomel
reference electrode (SCE); the counter electrode was a Pt wire placed in the bottom of the
cell. The scratching assembly was constructed from clear acrylic and was tightly placed
on a 400 ml beaker. The spring load was calibrated using dead weights and was adjusted
to be 200 g during the scratch experiments.

The ring was rotated at a speed of 1000 rpm in all experiments. Higher rotation
speeds could not be achieved within this setup, as they caused the solution to rise next to
the rotating shaft and flow out of the cell. Before each run, the ring was allowed to rotate
against the SiC tool for a few minutes to ensure intimate contact between them; failure to
achieve that contact resulted in a lot of noise in the results. All the experiments, whether
with or without scratching, were performed in this setup with the appropriate positioning
of the SiC tool. A Gamry™ potentiostat was used to run the experiments and the
accompanying software package (CMS-100) was used for data analysis. The polarization
measurements were carried out at a scan rate of 10 mV s-1.
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Polarization experiments were used to study the electrochemical behavior of
scratched copper. During scratching, some copper and epoxy chips were observed in the
cell, which indicates that the pressure applied in the rotating ring is high enough to
remove any passive film that formed on the metal surface. However, the relatively high
rate of copper wear mandated the use of a relatively high potential scan rate (10 mV s-1).
A slow scan rate would have caused a large amount of copper metal to get into solution
and dissolve, and possibly have an effect on the results.

3.5 Results and Discussion

3.5.1 Polarization Behavior of Copper in BTAH Solutions

Typical polarization curves with and without scratching are shown in Figure 3.3.
Scratching was found to increase the current by several orders of magnitude. Using the
Tafel analysis method included in the Gamry CMS100 software package, the OCP and
the corrosion current were determined from the polarization curves. In this setup, one
should expect oxygen to be present in the solution, which makes oxygen reduction a
possible cathodic reaction. It is clear from Figure 3.3 that scratching shifts the OCP to
more negative values, which is expected due to the absence of the passive film and the
resulting large increase in anodic current.

The polarization curves of scratched copper in different BTAH concentrations are
shown in Figure 3.4. The current in both the anodic and the cathodic branches decreases
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with increasing BTAH concentration, and the OCP shifts to more negative values. To
prove the significance of passive film scratching, polarization curves without BTAH were
carried out with and without scratching; the results are shown in Figure 3.5. In the
absence of BTAH scratching caused insignificant changes in the polarization curves
compared with Figure 3.3. The little changes observed could be attributed to changes in
the surface area of the electrode.

Figure 3.6 shows the effect of BTAH concentration on the OCP of scratched
copper. At the scratched electrode, the OCP shifts to negative values with increase in
BTAH concentration. The negative shift in OCP observed on the scratched electrodes is
accompanied by a decrease in the corrosion current ( Figure 3.7). Since at OCP the
anodic and cathodic current are equal in magnitude, it follows that the negative shift in
the OCP with BTAH concentration indicates that the BTAH has a greater effect on the
cathodic current (see Figure 3.1). Compounds that have a larger inhibiting effect on the
cathodic reaction are referred to as cathodic inhibitor; this is the case here. This is
contrary to the trends observed in the literature on a non-scratched copper in BTAH,
where the OCP shifts to more positive values and the corrosion current decreases with
increasing BTAH concentration, thus identifying BTAH as an anodic inhibitor1-12.

The polarization curves also indicate that the scratching increases the corrosion
current by at least one order of magnitude; this is of considerable significance in copper
CMP. So far the electrochemically determined corrosion current has been found to be
much lower than the observed polishing rate62-65. The average polishing rate reported in
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the literature is from 300 to 900 nm min-1 37-39,62,64. In the presence of BTAH, copper will
react to give Cu(I)BTAH; thus, it is reasonable to assume a one-electron reaction. For a
one-electron reaction, the polishing rate would correspond to a current density of roughly
7 to 20 mA cm-2.

3.5.2 Polarization Curves in the Presence of Oxidizers

In the presence of an oxidizer, the cathodic current would increase and, thus, shift
the OCP to more positive values and at the same time increase the corrosion current. In
this study, two oxidizers were selected, i.e. ferric ion and hydrogen peroxide. The
concentrations of the oxidizers were selected to be in the range used in industrial CMP
slurries, i.e. 0.05 M for ferric ion40-42 and 1.6 M for hydrogen peroxide43-53.

3.5.2.1 Ferric ion
Ferric nitrate was used as a source for ferric ion, which is the norm40-42 in copper
CMP. The mixed buffer (0.04 M each of acetic, boric and phosphoric acids) was used in
these experiments; however, the pH dropped below 1.0 when the required amount of
ferric nitrate was dissolved. Adjusting the pH back to pH 2.0 caused the solution to
become turbid due to the precipitation of ferric hydroxide, so the experiments were
carried out without pH adjustment.
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The polarization curves (with scratching) of copper in ferric ion solutions with
different BTAH concentrations are shown in Figure 3.8. The OCP is ~100 mV SCE,
which is the range selected for studying the nucleation and growth of copper in BTAH
solutions (see Chapter 2). With increasing BTAH concentration, both the anodic and
cathodic currents decreased. In this system the cathodic reaction is the reduction of ferric
ion:
Fe3+ + e-

Fe2+

(3.2)

This reaction is known to be a mass transport controlled reaction54. This implies that the
rate of reaction at the electrode surface is very fast, and that the transport of the reactants
from the bulk solution to the electrode surface is the limiting step. When BTAH inhibits
the cathodic reaction, it slows the rate of reduction of ferric ion, and thus, the reaction
shifts from mass transport control to mixed control54.

The presence of a mass transport effect means that the Tafel region is absent;
thus, Tafel extrapolation method cannot be used to determine the corrosion current. The
corrosion current was determined by the extrapolation of the cathodic branch to open
circuit potential; the results are given in Table 3.1. As previously noted in Sections 3.5.1,
the average polishing rate reported in the literature (300-900 nm min-1) corresponds to a
current density of 7-20 mA cm-2. Thus, the corrosion current densities in Table 3.1 (1-11
mA cm-2) are in line with the observed polishing rate (7-20 mA cm-2).
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3.5.2.2 Hydrogen Peroxide
Another oxidizer studied was hydrogen peroxide. Unlike the case of ferric ion, the
pH of the hydrogen peroxide solutions was maintained at pH 2.0. Using the scratching
setup, trends similar to the ferric ion situation were observed; the corrosion current was
high, and increasing the BTAH concentration decreased it. The polarization curves are
shown in Figure 3.9 and the corrosion current is given in Table 3.2. As with ferric ion,
the corrosion current (1.8-15 mA cm-2) lies in the range of observed polishing rate (7-20
mA cm-2). It should be noted that for the dissolution of copper in hydrogen peroxide, the
electrochemically obtained corrosion rate is lower than the real dissolution rate. This is
due to the fact that, in addition to the electrochemical reaction, hydrogen peroxide also
reacts chemically with copper55:
2Cu + H2O2 " Cu2O + H2O

(3.3)

One would then expect that the actual rate of dissolution is even higher than the values
reported in Table 3.2.

3.5.3 Comparison of Corrosion Current and Polishing Rate

In Chapter 2, the time needed to passivate the copper surface with Cu(I)BTA film
was estimated to be in the range of tens of seconds. This is a very long time compared to
the CMP conditions (~30 ms). These results led to the conclusion that during CMP, the
metal surface experiencing material removal (i.e. the high spots) is not passivated but
rather is in a bare metal state. To further prove this picture, the electrochemical behavior
of copper was studied in the presence of BTAH and in the absence of the passive film;
106

this was achieved by continuous scratching of the electrode with a SiC tool. The results
indicate that the removal of the film increased the corrosion current and brought it close
to the observed polishing rate. This means that the surface of copper during CMP is better
described as a scratched bare metal.

The magnitude of the corrosion current of the bare metal reported in this study
(1-15 mA cm-2) is comparable to the industrial polishing rate (7-20 mA cm-2); however, it
is still lower. This difference could be explained by looking at two facts. First is the fluid
flow and velocity. When rotating the copper ring (5 mm ID 5.4 mm OD) at 1000 rpm, the
linear velocity is about 26 cm s-1, in a practical CMP polisher the linear velocity is ~100
cm s-1

56,57

. A cathodic reaction such as the reduction of ferric ion is mass transport

controlled in the absence of BTAH and is under mixed control in the presence of
BTAH54. On a real polisher, the higher linear velocity means higher mass transport which
would inevitably increase the cathodic current and thus the corrosion current. In a system
of controlled hydrodynamics like a rotating ring electrode, increasing the rotation speed
by a factor of 4 increases the diffusion current by a factor of 2, as the current is
proportional to the square root of the rotation speed. In the presence of BTAH, which
places the reaction under mixed control and not just mass transport control, the effect of
fluid flow would be less pronounced but still significant. Thus, one can expect that the
polishing rate would be higher on a polisher due to the higher rate of fluid flow.

The other factor that should be taken into account is the mechanical action.
Although this study is aimed at the chemical aspects of copper CMP, it is not reasonable
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to completely neglect the possibility of copper being mechanically chipped away from
the surface. In the beginning of a polishing process, the surface of copper is still rough so
the contact area between the pad and the wafer is low, resulting in high pressure. At this
high pressure mechanical removal is likely to happen. Although this phenomenon should
diminish as the surface becomes planarized and smoothened, it is still wise to assume that
some copper is being removed mechanically. Removing copper mechanically from the
surface would show up in the polishing rate but would not be reflected in the corrosion
current.

3.5.4 Implications for Copper CMP

Looking at the CMP process one realizes that controlling the material removal
rate in the high and in the low spots is of great importance. At the beginning of polishing
the surface is rough; the goal is then to planarize the surface by removing material from
the high spots while protecting the lower ones. At the end of the polishing process when
the excess copper is removed from the surface and only the copper lines are left, these
lines have to be protected from the attack of the slurry. Failing to protect the lines would
cause them to erode and dishing would be observed. Two kinds of dishing are observed
in the CMP industry58; one is related to the pad properties, where the pad bends and
forces the abrasive into the copper lines, thus causing dishing that has a characteristic
smooth concave shape (Figure 3.10 a). Preventing this kind of dishing is achieved by
using a stiffer pad59, which is more of a mechanical issue that is beyond the scope of this
study. The other kind of dishing is characterized by a flat front and is caused by the
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dissolution of the lines (Figure 3.10 b). Changing the slurry chemistry would affect the
material removal at the two locations, the high and the low spots. Thus, one of the key
factors in achieving optimum slurry chemistry is the balance between the oxidizing agent,
which promotes the material removal, and the inhibitor, which protects the low area
which would protect against the second type of dishing.

Along these lines, CMP researchers have compared the static etch rate to the
polishing rate, and used that as a metric to judge the quality of the slurry chemistry and
change it accordingly31,32,47,60,61. A good slurry would be one that gives a high polish rate
and a low etch rate. This method is not the best one to evaluate a slurry, as the net
polishing rate is a contribution of both the chemical and the mechanical factors. The
results shown in this study also indicate that the electrochemical measurements cannot
account for all the material removal; part of the observed polishing rate would be due to
metal being mechanically dislodged from the surface. However, this study makes a new
contribution by indicating that a more realistic metric to use to judge the chemistry of the
slurry would be that based on the bare metal measurements. Unlike the polishing rate, the
corrosion current obtained on the bare -scratched- metal (iscorr) is not affected by the
properties of the polishing pad and abrasive, it gives the upper limit of the chemical
contribution in the high spots of a polished wafer where polishing is taking place. At the
same time, the corrosion current obtained without scratching (inscorr) gives the rate of
material removal in the low areas. Thus, using the ratio between the corrosion current
with and without scratching would be a good method to probe the quality of the slurry.
The most favorable condition would be to minimize inscorr and maximize iscorr , which
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means a high chemical contribution to the polishing rate and minimal etching. Among
other factors, adjusting the oxidizer and inhibitor concentrations would change the
relative values of inscorr and iscorr. The ratio between iscorr and inscorr should correlate well
with the dishing observed in certain slurry chemistry.

The value of inscorr is the upper limit of chemical removal of material. This allows
for the separation of the chemical and the mechanical contributions to the removal rate.
Comparing inscorr to the total polishing rate would reveal the amount of metal removed
mechanically. Being able to measure the mechanical removal rate separately is useful for
the optimization of the conditions of polishing, such as the applied pressure, the speed of
rotation, the pad properties, and the abrasive type.

3.5.5 Cathodic Protection in the Low Areas

The polarization curves in Figure 3.3 represent the behavior of copper in BTAH
solutions with and without the passive film. The removal of the film increases the current
and shifts the OCP to more negative values. For a copper wafer being polished, both
areas are present on the metal surface; some areas are covered with the film and others
have the film removed. Because the two areas are in direct contact and both are in the
same solution, both areas will be held at the same potential. The resulting potential will
be more negative than the OCP of the unscratched metal.
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This situation is similar to cathodic protection62, where an active metal (with a
more negative equilibrium potential) is in contact with a more noble metal (with more
positive equilibrium potential). The active metal dissolves sacrificially and protects the
noble metal. In the case of copper CMP, both metals are copper, but one is protected with
a Cu(I)BTA film and has a more positive OCP and the other is a bare metal with a more
negative OCP. This kind of coupling, although it cannot be called cathodic protection in a
strict sense, will still cause the reduction of the anodic reaction of the more noble areas;
the film covered one. Thus, for copper CMP, inscorr should be regarded as the maximum
possible corrosion rate at the low spots of the metal. The actual corrosion rate would be
lower than that value because the low areas are “cathodically protected”.

3.6 Conclusions
In the absence of the Cu(I)BTA film, BTAH had an inhibiting effect on both the
anodic and the cathodic reactions. The effect on the cathodic reaction was dominant, and
this resulted in a negative shift in the OCP accompanied with a reduction of the corrosion
current, which is characteristic of a cathodic inhibitor. This is contrary to the well
established understanding of BTAH as an anodic inhibitor1-11. The reason for this shift
could be attributed to the absence of the film. The main anodic inhibitive effect for
BTAH lies in its ability to form the Cu(I)BTA film with copper. This film is responsible
for preventing the underlying metal from dissolution, in other words, inhibiting the
anodic reaction. When the film was removed in this study, BTAH acted by only
adsorption. The results indicate that the effect of adsorbed BTAH on the cathodic
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reaction is greater than its effect on the anodic reaction. Therefore, under these
conditions, BTAH would be described as a cathodic inhibitor.

The corrosion currents obtained on a scratched metal in BTAH solution (1-15 mA
cm-2) were comparable to the polishing rates reported in the literature (7-20 mA cm-2) but
still lower. The difference could be attributed to the difference in fluid flow, or to the
mechanical contribution to the polishing rate. Obtaining corrosion currents that so closely
resembles the polishing rate, indicates that the copper CMP process involves a significant
contribution of chemical dissolution. The conclusions reached by some researchers31, that
the CMP process involved mechanical abrasion followed by dissolution of the abraded
particles, can no longer hold.

Comparison of the corrosion current, with and without scratching, was proposed
as a measure for the ability of a certain slurry chemistry to polish the high spots on
copper without etching the low ones. Using corrosion current eliminates the interference
of the mechanical contribution to the polishing rate and isolates the chemical effects. For
the unscratched areas on a polished wafer, coupling with the bare metal spots would
impose a form of cathodic protection on them, which would further reduce the anodic
dissolution in those regions.
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Table 3.1. Corrosion current density of copper in 0.05 M ferric nitrate solutions at
different BTAH concentrations.
BTAH concentration, mM

OCP, mV

icorr, mA cm-2

5

59

11

25

64

5

50

80

2.8

75

100

1.8

150

61

1.1
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Table 3.2. Corrosion current density of copper in 1.6 M hydrogen peroxide solution
solutions at different BTAH concentrations.
BTAH concentration, mM

OCP, mV

icorr, mA cm-2

5

244

15

25

256

6.3

50

270

5.0

75

281

2.8

150

286

1.8
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Figure 3.1. Effect of changing the anodic current (ia) and the cathodic current (ic) on open
circuit potential
(a) Original i-E curve (b) i-E curve with increasing ia

(c) i-E curve with increasing ic
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Figure 3.2. Schematic of the scratching setup.
(a) Copper ring electrode, (b) Luggin probe (Vycor®), (c) Platinum counter electrode, (d)
Silicon carbide tool, (e) Solution level, (f) Spring, (g) Rotating shaft, (h) Flexible silicon
rubber tube.
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Figure 3.3. Polarization curves for copper in 50 mM BTAH solutions at pH 2.0, with and
without scratching.
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Figure 3.4. Polarization curves of a scratched copper electrode in buffered pH 2.0
solutions at different BTAH concentrations.
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Figure 3.5. Polarization curves for copper in a buffered solution at pH 2.0, no BTAH and
no oxidizer, with and without scratching
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Figure 3.6. Effect of BTAH on OCP, with scratching, pH=2.0.
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Figure 3.7. Effect of BTAH on the corrosion current, with scratching, pH=2.0.
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Figure 3.8. Polarization curves of copper in 0.05 M ferric nitrate solution with different
concentrations of BTAH, with scratching.
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Figure 3.9. Polarization curves of copper in 1.6 M (5 wt%) hydrogen peroxide solution
with different concentrations of BTAH, with scratching.
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Figure 3.10. Dishing in copper CMP.
(a) due to bending of pad (b) due to aggressive slurry.
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Chapter 4

Dissolution of Copper in
Hydrogen Peroxide Solutions

4.1 Introduction
Hydrogen peroxide is among the widely used oxidizers in copper CMP1-10. In
addition to being a powerful oxidizing agent, hydrogen peroxide can be used at virtually
any pH and it is also considered a clean oxidizer, which itself does not require post-CMP
cleaning. Hydrogen peroxide is a liquid at room temperature, and it can be oxidized in
aqueous solutions as:
H2O2 " O2 + 2 H+ + 2 e-

(4.1)

and reduced as:
H2O2 + 2 H+ + 2 e- " 2 H2O

(4.2)

It can also decompose spontaneously:
H2O2 " ½ O2 + H2O

(4.3)

The products are oxygen and water, both of which are considered benign to CMP and do
not require further cleaning. This is beneficial when compared to ferric ion, where the
oxidizer and its reduced form, both need to be washed from the wafer surface11,12.
Eliminating a possible contaminant is considered a major step in the semiconductors
microfabrication industry.
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For an oxidizer to be used in CMP, it must offer an acceptable polishing rate.
From basic chemical knowledge, one would expect that the polishing rate would increase
with increasing concentration of the oxidizer. This has been found to be true for many
oxidizers in metal CMP in general13,14 and in copper CMP in specific, e.g. ferric ion15,
nitric acid16, and ferricyanide16. In contrast, for hydrogen peroxide, the polishing rate was
found to increase with the oxidizer concentration, reaching a maximum, then dropping if
the concentration was further increased5,8-10 The same trend was observed when copper
dissolved freely in hydrogen peroxide solutions5,8-10 , which indicates that whatever is
causing the drop in the polishing rate has to do with the chemical reactions taking place
and not with the mechanical action exerted during CMP.

The metals corrosion literature contains a few similar examples; a famous one is
dissolution of iron in nitric acid17,18. At low acid concentrations iron will freely dissolve
in the acid, but when the concentration is too high, a passive film covers the metal surface
and suppresses the dissolution. For copper in hydrogen peroxide the situation is probably
similar. For some reason, the conditions at the copper surface become favorable for the
formation of a passive film which, when formed, hinders the metal dissolution. The
literature contains some reference to this phenomenon. Molodov et al.19 observed that the
rate of dissolution of copper in hydrogen peroxide decreases with time, and that this can
be reversed by subjecting the copper to a cathodic pulse. The fact that the passivation of
copper in hydrogen peroxide can be reversed with a cathodic pulse point in the direction
of oxide formation; however, Molodov et al. ruled out the possibility of oxide film
formation due to the low pH they used in their experiments. They suggested that the OH
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radicals adsorb to the metal surface and cause passivation. On the other hand, XPS
conducted by Hernandez et al.1, Hirabayashi et al.8, and Wei et al.9 have shown that an
oxide film does form on copper in hydrogen peroxide slurries.

In the studies of Hernandez et al.1 and Hirabayashi et al. 8, the oxide film was
observed despite the fact that the aqueous stability diagrams indicate that copper is
soluble under the respective experimental conditions. Hernandez et al. used a pH of 4
where the copper should dissolve to give Cu2+ (Figure 4.1); Hirabayashi et al. used
glycine (gly) in the slurry and the pH was 6.7, where copper would dissolve giving
Cu(gly)2 complex20 (Figure 4.2). Wei et al.9 used proprietary slurry at pH 8, no other
information was reported. The question arises as to what makes the oxide film form if the
pH is too low? The answer to this question does not come by looking at the bulk
conditions of the solutions, but rather at the conditions at the metal/solution interface,
where the oxide would or would not form. The oxide formation would depend on the
local metal ion concentration as well as the pH of the interfacial solution

Despite the importance of the polishing rate in metal CMP, the peak observed for
the polishing, in hydrogen peroxide slurries, has not been adequately investigated. The
studies in the literature have explained the drop in the polish rate as due to oxide layer
formation.

However, no explained was given as to why the oxide forms under

unfavorable conditions, and, how the oxide formation is linked to the hydrogen peroxide
concentration. This study attempts to investigate the pH and metal ion concentration at
the copper/solution interface, to determine if the conditions are suitable for oxide film
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formation, and to determine how the concentration of hydrogen peroxide induces the
precipitation. The pH is measured directly while the metal ion concentration is calculated
theoretically. Surface pH measurements have been successfully used in our laboratory
before to study the electroplating of iron metal from Fe2+/NH4+ solutions, and it has been
shown that the hydrogen evolution at the cathode causes local pH increase21. Also, it has
been found that during the dissolution of tungsten metal, tungstate ion acts as a buffer
fixing the local pH at the metal surface22.

4.2 Materials and Methods
4.2.1 Materials
Solutions were prepared from analytical grade reagents in double distilled water.
Before preparing the solutions, the concentration of hydrogen peroxide was determined
by titration against standardized KMnO4

23

. The buffer described in section 2.3.1 was

used to adjust the pH.

4.2.2 Dissolution Rate
The dissolution rate of copper in hydrogen peroxide was determined using a
quartz crystal microbalance (QCM), as described in Chapter 2. Copper was electroplated
on the Au/Cr-coated crystal then the crystal was thoroughly rinsed (see Section 2.3). The
copper-coated crystal was transferred to the cell containing the hydrogen peroxide
solution of suitable concentration and the frequency of the crystal was monitored. The
rate of dissolution was measured from the shift in the crystal frequency. The frequency
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shift was converted to current as described in section 2.3.2; the mass loss was attributed
to copper dissolution.

4.2.3 Surface pH Measurements
The surface pH measurement technique developed by Deligianni and Romankiw24
was used. This technique uses a flat-bottom glass pH electrode placed against a mesh of
the desired metal. The glass electrode actually measures the pH of the pore fluid of the
mesh which resembles the near surface conditions; the setup is shown in Figure 1.1. A
similar design was used in this laboratory by Deelo in his investigation of the Fe/NH4+
system21. In this study a stainless steel mesh, 157 wires cm-1 with 0.025 mm wire
(Universal Wire Cloth, Morrisville, PA) was used. A circular piece of the mesh (25 mm
diameter) was cut and mounted in the Teflon body and left there throughout the
experiments. After degreasing with acetone and thoroughly rinsing with water, the mesh
was electroplated with copper from acid copper sulfate solution (see Section 2.3). The
mesh and the Teflon body were then rinsed with distilled water and the flat-bottom pH
electrode (Aldrich model 53233) was placed over the mesh. The mesh was inspected after
copper plating to ensure that the pores were not completely blocked by the copper
deposit. The flat-bottom glass electrode was connected to a pH meter and the pH was
recorded manually. Theoretical calculation of the copper ion surface concentration was
carried out on MathCad software package.
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4.2.4 Eh-pH Diagrams

The stability diagrams were plotted on MathCad software package, using the
thermodynamic data summarized in Table 4.1.

4.3 Results and Discussion
4.3.1 Copper Dissolution in Hydrogen Peroxide Solutions
The mass loss of copper in different hydrogen peroxide solutions is shown in
Figure 4.4. The rate of dissolution is linear with time, however, linearity was not
observed in two regions along the curve. At very short time (<20 s) data is obscured by
the stirring in the solution caused by submerging the crystal in the electrolyte; and
towards the end of the dissolution when the crystal becomes only partially covered with
copper which causes uncertainty of the metal area and results in nonlinearity. For this
reason the rate of dissolution was calculated only from the slope of the middle region
which extended from >20 s to ~60 s (Figure 4.4). The dissolution rate of copper as a
function of hydrogen peroxide concentration is shown in Figure 4.5, a peak is observed
around molar concentration. The maximum dissolution rate corresponds to a current
density of ~13 mA cm-2. The dissolution peaks reported in the literature vary from 0.03
M 9 to 1 M 2,7 hydrogen peroxide.

During dissolution, copper ions will move from the metal-solution interface to the
bulk solution. In reality, the diffusion of copper ions will occur randomly in all
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directions, resulting in a hemispherical diffusion front. However, in these experiments the
electrode area is large (1.34 cm2), therefore, the diffusion of copper from the surface was
assumed to be linear and the hemispherical diffusion occurring at the edges was
neglected. The concentration profile is then be given by25:
C = Cs – Cs(erf(x/(2Dt)1/2)

(4.4)

Where C is the concentration at a distance x measured from the metal surface to the bulk
of solution, Cs is the concentration at the metal surface, D is the diffusion coefficient of
the species of interest and t is time.

From Figure 4.4, it can be seen that copper dissolves at a constant rate. By
expressing the rate of mass loss as a corrosion current density (icorr), the number of moles
of metal dissolved (nCu) after time t can be given by:
nCu = icorrAt/nF

(4.5)

where A is the area of the sample, icorr is the dissolution (corrosion) current density, n is
the number of electrons, and F is the Faraday constant. Also, since the concentration in
solution (C) is known at any distance x from the electrode surface, nCu can be obtained
by:
∞

nCu = A

∫

(Cs – Cs erf(x/2(Dt)1/2) dx

(4.6)

0

By combining Equations 4.5 and 4.6, the surface concentration, Cs, can be estimated at
any time.
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Looking at the Eh-pH diagram of the copper-water system, it is clear that the first
oxide to from is Cu2O, for this reason the Cu+ ion was considered as the diffusing
species. Taking an electrode of unit area and DCu+=2.7x10-6 cm2 s-1
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, the surface

concentration of Cu+ ions was calculated and the results are shown in Figure 4.6 for
different corrosion currents. It can be seen that, as the corrosion current increases, the
surface concentration profile shifts to higher values.

4.3.2 Surface pH Measurements

The near surface pH was measured for copper in a solution containing 1.39 M
hydrogen peroxide using the setup shown in Figure 4.3 the results are shown in Figure
4.7. The initial pH was 2.0 and it rose gradually and was stable at 4.3 after 1.5 minutes.
The rise in pH can be explained by looking at the reduction reaction of hydrogen
peroxide (Equation 4.2). Each mole of hydrogen peroxide consumes two moles of
protons to give two moles of water. The consumption of protons would eventually lead to
the pH increase in the vicinity of the copper-coated mesh, which is observed
experimentally. The time needed to reach a stable pH reading varied from 30 seconds to 2
minutes, and it was sensitive to the position of the pH electrode behind the mesh. The
presence of a gap between the pH electrode and the mesh resulted in a longer
stabilization time. In general, 3 minutes were enough to get a stable surface pH reading.

The surface pH was also measured at different hydrogen peroxide concentrations
and the results are shown in Figure 4.5. At low peroxide concentration, the dissolution
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rate of copper is low, which implies that the rate of consumption of hydrogen peroxide
(Equation 4.2) is also low, resulting in a modest increase in the local pH. As the
concentration of hydrogen peroxide increases, the rate of cathodic reaction increases,
thus, a larger increase in pH is observed.

According to the work of Deligianni and Romankiw24, the pH measured behind
the metal mesh is affected by the pore size of the mesh. During metal deposition, it was
noticed that the finer pores resulted in higher pH readings. This is due to the fact that the
glass electrode actually measures the pH of the pore fluid of the mesh. If the mesh has
large pores, then the situation at the glass electrode will be closer to the bulk solution.
Finer pore size would entrap less solution and any pH change would be recorded by the
glass electrode. To obtain an absolute surface pH value, an infinitely fine mesh is
required, which is physically impossible. This means that the pH at the copper surface
dissolving in hydrogen peroxide is higher than the values given in Figure 4.5.

4.3.3 Oxide Formation

The oxide film that forms on copper is known to have a duplex structure, with
Cu2O in the inner layer and CuO in the outer layer27-31. It has been shown that the Cu2O
layer forms first during anodic polarization. For this reason, Cu2O is considered as the
oxide forming at the metal surface, this oxide will dissolve according to the following
equilibrium32:
½ Cu2O + ½ H2O " Cu+ + OH-

Ksp=10-14

(4.7)
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For the copper oxide to precipitate, the following inequality has to be satisfied
[Cu+][OH-] > Ksp

(4.8)

where Ksp is the solubility product of Cu2O. Assuming that the pH is constant, the metal
ions have to reach a critical concentration [Cu+] > Ksp /[OH-] to precipitate. Taking Ksp
of Cu2O to be 10-14, the horizontal line in Figure 4.6 represents this critical concentration
at pH 4.5. The graph shows that at low corrosion current (1 mA cm-2), the copper
concentration line does not intersect the critical concentration except at very long time.
At high dissolution rate (15 mA cm-2), the surface concentration of copper reaches the
critical limit in less than 200 ms. Assuming higher pH at the surface would shift the
critical concentration to lower values, and this would make the lines intersect at shorter
time. In principle, even at low corrosion current, the copper concentration profiles will
reach the critical concentration after a longer time. However, then the required time is too
long, and the concentration profile of the copper ions will be disrupted by convection and
hemispherical diffusion, thus the concentration might never reach the critical limit.

Another way to visualize this process is by looking at the Eh-pH diagram for the
copper-water system at different concentrations of copper ions (Figure 4.8). The
concentrations chosen for this graph are in the range predicted in Figure 4.6. At pH 2.0
the copper dissolves to give copper ions. However, considering the pH rise at the
electrode surface, copper would precipitate as Cu2O. What happens then is that when
copper is dipped in a solution of hydrogen peroxide at pH 2.0, copper starts to dissolve.
The anodic reaction causes a local increase in the copper ion concentration, which shifts
the stability lines of the oxides to lower pH values. At the same time, the cathodic
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reaction, the peroxide reduction, causes a rise in pH. Combining these two effects lead to
conditions that favor the formation of Cu2O. The formation of this oxide on the solid
surface suppresses the metal dissolution.

4.3.4 Kinetics of Copper Dissolution in Hydrogen Peroxide Solutions

At low hydrogen peroxide concentration (<0.5 M), the dissolution rate of copper
increases with the oxidizer concentration (Figure 4.5). From this region, the reaction
order can be obtained. For a copper sample of unit area the rate of copper dissolution is
given by:
-dCu/dt = k [H2O2] α

(4.9)

icorr = nF/A dCu/dt

(4.10)

where k is the reaction rate constant, n is the number of electrons (n=1), A is the area of
electrode, and F is Faraday constant. By plotting log(icorr) versus log[H2O2] using data
from Figure 4.5, the reaction order can be obtained from the slope. The results are shown
in Figure 4.9; the slope of the line, α = 0.9, indicates first order kinetics.

As the concentration of the hydrogen peroxide increases, the surface becomes
covered with copper oxide and the dissolution decreases. The oxide coverage (θ) is a
function of the amount of oxide formed and the amount dissolved. At low hydrogen
peroxide concentration θ = 0 and as the hydrogen peroxide concentration increases, θ"1.
For simplicity, the coverage θ is represented by :
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θ = 1 - exp(-p [H2O2])

(4.11)

where p is an adjustable parameter. Assuming that the oxide film dissolves at a constant
rate, then it follows from Equations 4.9-4.11 that the net rate of copper dissolution (i’corr)
is given by :
i’corr = icorr (1-θ) + kdθ

(4.12)

i’corr = k’ [H2O2] exp(-p [H2O2]) + kd (1-exp(-p [H2O2]))

(4.13)

where k’ = nFk/A , and kd is the rate constant of oxide dissolution. Equation 4.13 was
fitted to the dissolution data (from Figure 4.5), and the results are presented in Figure
4.10. The curve is in good agreement with the experimental points. It should be noted,
however, that this model is mainly phenomenological; a more detailed study is needed for
the oxide coverage θ and for the rate of oxide dissolution.

4.4 Implications for Copper CMP
The peak observed in the dissolution of copper in hydrogen peroxide solutions
imposes a limit on the polishing rate that can be achieved. Identifying the origin of this
peak improves our understanding of copper CMP and should help advance this
technology.

The present study shows that the decrease in dissolution rate of copper, at high
hydrogen peroxide concentrations, is due to the combined effects of surface pH rise and
copper ion accumulation. The oxide precipitation can be viewed in different ways. It can
be regarded as an undesirable effect that has to be minimized in order to increase the
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polishing rate. This could be achieved by preventing the accumulation of the copper ions
or by limiting the pH increase. Increasing the fluid flow will help remove the copper ions
from the surface and possibly keep them below the solubility limit, this would also
dissipate the hydroxyl ions and keep the surface pH from rising.

The effect of fluid flow on the dissolution of copper in hydrogen peroxide is
illustrated in the work of Wei et al.9. The dissolution rate which Wei at al.9 measured in a
quiescent solution, was found to have a peak at 0.025 M hydrogen peroxide. At the same
time, the polishing rate showed a peak at 0.13 M. The polishing rate was measured on a
polisher, which most likely used a considerable rate of fluid flow; on the other hand, the
dissolution rate was obtained in an electrochemical cell which would have much less
flow. A high rate of fluid flow would help keep the surface conditions below the
solubility limit for a higher hydrogen peroxide concentration (or dissolution rate).

The oxide formation could also be seen as a favorable situation. As pointed out in
previous chapters, oxide formation would help protect the lower areas of the copper
surface from etching, and this would lead to a smoother surface. Wei et al.9 reported that
the surface roughness of their polished samples decreased with the increase in
concentration of hydrogen peroxide.
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4.5 Conclusions
The above results show that the reduction reaction of hydrogen peroxide causes
an increase in the pH at the metal surface, at the same time the metal dissolution causes
the metal ion concentration to rise in the direct vicinity of the electrode. At low metal
dissolution rate, the surface concentration of copper ions rises slowly with time, while at
higher dissolution rate, the rise is much faster.

This would explain why the dissolution of copper in hydrogen peroxide exhibits a
peak at a certain peroxide concentration. At low concentrations of hydrogen peroxide, the
rate of metal dissolution is low; thus, the metal ions have enough time to dissipate in
solution, and the metal surface keeps dissolving. As peroxide concentration increases the
rate of dissolution increases until, at some point, the dissolution rate is high enough to
cause the surface concentration of copper ions to reach the solubility limit of Cu2O at that
pH. Once this limit is reached, the oxide precipitates and suppresses the dissolution. The
dissolution behavior of copper in hydrogen peroxide could be modeled as competing
processes of metal dissolution and oxide precipitation.
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Table 4.1. Thermodynamic data used in calculating Eh-pH diagrams33.
Reaction

log K

Cu " Cu2+ + 2e-

-11.5

Cu2O(s) + 2H+ " 2Cu2+ +H2O+ 2e-

-7.0

CuO(s) + 2H+ " Cu2++ H2O

7.3

Cu(OH)2(s)+ 2H+ " Cu2+ + H2O

9.1
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Figure 4.1. Eh-pH diagram for the copper-water system at 25 °C, [Cu]=10-5 M.
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Figure 4.2. Eh-pH diagram of copper-water-glycine system at 25°C , [Cu]=10-5 M,
[gly]=10-2 M 20.
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Figure 4.3. Surface pH measurement setup.
a) Stainless steel mesh b) Teflon cover c) Flat-bottom pH electrode d) Teflon body
e) Metal contact to the mesh
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Figure 4.8. Eh-pH diagram of copper-water system at different [Cu2+].
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Chapter 5

Dissolution of Copper in Hydroxylamine Solutions

5.1 Introduction
The success of hydrogen peroxide as an oxidizer in copper CMP has led to a quest
for similar compounds; that is compounds that can serve as oxidizers, and require
minimum cleaning after CMP. Hydroxylamine has been proposed1-3. Unlike other
oxidizers like ferric ion or iodate, hydroxylamine slurries are easier to wash away from
the wafer during post-CMP cleaning2 . Hydroxylamine itself is volatile and the reduction
product, ammonia, is also volatile. Another advantage of hydroxylamine slurries is their
amenability to a wide range of pH, unlike ferric nitrate slurries that are restricted to low
pH values. In addition, hydroxylamine is more stable than hydrogen peroxide. While
hydrogen peroxide can decompose spontaneously to water and oxygen,
H2O2 " ½ O2 + H2O

(5.1)

hydroxylamine does not suffer from such a drawback.

In hydroxylamine based slurries, the polishing rate was found to depend strongly
on the pH. The rate increases with increasing pH, reaches a peak ~ pH 6 then decreases at
higher pH values. This behavior was explained in terms of a reduction mechanism for
hydroxylamine (details in Section5.2.2). However, this explanation ignores other aspects
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of hydroxylamine chemistry, such as acid base reaction and complexation. This study
reexamines the role of hydroxylamine as an oxidizing agent, and attempt to explain the
dissolution of copper in hydroxylamine from the complexation perspective.

5.2 Chemistry of Hydroxylamine
5.2.1 Acid-base Chemistry

Hydroxylamine is weak base, in acid solutions it will be protonated:
NH2OH + H+ " NH3OH+

log Kb =5.96 4

(5.2)

The speciation diagram of hydroxylamine in water is shown in Figure 5.1. Up to pH 5.96,
the dominant species is NH3OH+, while at higher pH values NH2OH dominates.

5.2.2 Redox Chemistry
In a hydroxylamine molecule, nitrogen has an oxidation number of -1. This
indicates that it can be reduced to lower oxidation state and could also be oxidized5. In
copper CMP, hydroxylamine is regarded as an oxidizer1-3 being itself reduced to
ammonia5. The cathodic reduction of hydroxylamine at a copper electrode shows two
peaks6, one at ~-0.6 V SHE which corresponds to the reduction of the protonated form
NH3OH+:
NH3OH+ + 2 H+ + 2 e- " NH4+ + H2O

(5.3)

and the other at ~-1.2 V for the reduction of NH2OH.
NH2OH + 2 H+ + 2 e- " NH3 + H2O

(5.4)
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5.2.3 Coordination Chemistry

Hydroxylamine can complex with copper to form two complexes with different
metal:ligand ratios; the 1:1 complex:
Cu2+ + NH2OH " [CuNH2OH]2+

log K= -2.4

(5.5)

log K= -4.1

(5.6)

and the 1:2 complex:
Cu2+ + 2 NH2OH " [Cu(NH2OH)2]2+
Both complexes are soluble in water.

5.2.4 Hydroxylamine in Copper CMP
In copper CMP, hydroxylamine is regarded as an oxidizer that is reduced to give
ammonia (Equations 5.3, 5.4). It was found that the polishing rate of copper in
hydroxylamine solutions exhibits a peak at pH ~6, and the dissolution rate decreases at
lower and at higher pH values2,3. Huang et al.2 explained the dissolution peak as been due
to the effect of pH on the cathodic reaction; the reduction of hydroxylamine. They
proposed a reduction mechanism reduction mechanism involving a NH3OH• radical2:
NH2OH + H+ " NH3OH+

(5.7a)

NH3OH+ + e- " NH3OH•

(5.7b)

NH3OH• + e- " NH3 + OH-

(5.7c)

NH3OH• + H+ + e- " NH2OH + H2

(5.7d)

NH3• + 2 H+ + OH- " NH4+ + H2O

(5.7e)

At low pH the NH3OH• radical is consumed through Equation 5.7d; at high pH values the
concentration of NH3OH+ deceases, thus, decreasing the radical concentration. In both
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cases the rate of reduction of hydroxylamine drops as the concentration of the active
intermediate decreases. The open circuit potential OCP reported by Huang et al.2 is 0.25V
SHE, this is too low for the reduction of hydroxylamine to occur at an appreciable rate6.
At -0.6 V SCE, the reduction current of hydroxylamine on copper is ~1 µA cm-2 6. This
calls for a closer look into the dissolution of copper in hydroxylamine and into the role of
hydroxylamine as an oxidizer.

This study reexamines the dissolution of copper is hydroxylamine from the
complexation perspective. An analogous system is copper in ammonia7-10, where the
maximum solubility of the metal occurs at the pH where the copper-ammonia complexes
are stable10,11. In the absence of a complexing agent copper dissolves as Cu2+ at low pH
as and as Cu(OH)42- at very high pH. In the presence of a complexing agent the region of
solubility is extended by introducing additional soluble forms of copper7-10.

Aqueous stability diagrams are utilized in this study to identify the regions of
stability of copper-hydroxylamine complexes as a function of pH, potential, and ligand
concentration. Electrochemical measurements are also presented to confirm the
boundaries of these regions and to look into the possibility of reduction of
hydroxylamine. The effect of pH on the rate of copper dissolution is modeled, and the
impact of complexation on CMP is considered.
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5.3 Materials and Methods
5.3.1 Materials
To cover a broad pH range, a mixed buffer was used; the buffer consisted of 0.04
M boric acid, 0.04 M phosphoric acid and 0.04 M acetic acid. The pH was adjusted by
adding appropriate amounts of 0.2 M sodium hydroxide12; the pH adjustment was made
after adding the required amount of hydroxylamine. Hydroxylamine was used from a
50% solution in water; a 2.0 M stock solution was prepared and the required volume was
added. In some cases a few drops of sulfuric acid were added to bring down the pH. All
the chemicals were of analytical grade and were used without further purification.
Solutions were prepared from triple-distilled water. The electrolyte was purged with
purified nitrogen for ~15 minutes before the experiments and nitrogen was kept flowing
at a low rate during the runs. The experiments were run at ambient temperature (~24°C).

5.3.2 Stability Diagrams
The lines in the stability diagrams where calculated using MathCad software
package. The work of Osseo-Asare and Brown13 and Osseo-Asare and Al-Hinai14 was
use to assign the stability regions to the appropriate species. The thermodynamic data
used in the calculations are summarized in Table 1. The metal ion and the ligand
concentrations used to plot the diagrams matched those used in the electrochemical
experiments.
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5.3.3 Electrochemical Measurements
Electrochemical experiments were conducted in a conventional three-electrode
cell. The working electrode was a cylindrical polycrystalline pure copper rod (99.998 %
Cu) mounted in Teflon and epoxy to expose a copper disk of area 0.317 cm2. The
electrode was polished with fine emery paper, followed by polishing with 0.3 micron
alumina to a mirror finish, and then etched in 1:1 nitric acid for a few seconds prior to
each run15. The copper electrode was attached to a Pine Instruments™ rotator. The
working electrode was rotated at 100 rpm in all the runs. The reference electrode was a
saturated calomel electrode (SCE) separated from the main solution by a salt bridge and a
Luggin capillary placed near the copper electrode. The counter electrode was a platinum
sheet separated from the main compartment by enclosure in a fritted glass tube.

To determine the open circuit potential (OCP) and corrosion current, polarization
scans were performed on copper using an EG&G 273 potentiostat/galvanostat controlled
by a PC running EG&G Softcorr™ III software. The potential scan rate was 10 mV s-1 in
all cases. The OCP and the corrosion current values were determined by the software
using the Stern-Geary method16.

5.4 Results and Discussion
5.4.1 Stability Diagrams
Figure 5.2 shows the aqueous stability diagram of the copper-water system. Two
metal solubility regions are found, one below pH 6 where Cu2+ is formed and the other
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above pH 13 giving Cu(OH)42-. Working above pH 13 is not of interest to copper CMP as
at that pH the silicon wafers themselves will dissolve. In the presence of hydroxylamine
two new soluble species are introduced in the diagram, i.e., [CuNH2OH]2+ and
[Cu(NH2OH)2]2+. The complex ions extend the region of solubility of copper to pH 8
(Figure 5.3).

Figure 5.4 shows the regions of stability of [CuNH2OH]2+ and [Cu(NH2OH)2]2+
i.e., CuL2+ and CuL22+ as a function of log[NH2OH] and pH. At a constant applied
potential of 0.5 V SHE, the complexes start to form at a relatively low concentration of
hydroxylamine (~10-2 M). Both Figures 5.3 and 5.4 indicate that the complexes do not
form below pH 4 or above pH 8. This is due to the fact that at low pH the protonated
form of hydroxylamine (NH3OH+) predominates (Figure 5.1), decreasing the amount of
free ligand, NH2OH. Above pH 8 the concentration of OH- is high enough to shift the
equilibrium towards the formation of oxides and hydroxides:
[Cu (NH2OH)2]2++ 2OH - " Cu(OH)2 (s) + 2 NH2OH

(5.8)

It should be noted that the information presented in the aqueous stability diagrams is only
true for the specified set of conditions. For example, if Figure 5.4 were plotted for a
lower metal ion concentration, the stability regions of the copper hydroxylamine
complexes would extend (Figure 5.5).
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5.4.2 Electrochemical Measurements
In Figure 5.7 the OCP measurements are overlaid on the copper-water Eh-pH
diagram. The line segment ab represents the equilibrium between copper metal and
copper (II) ions:
Cu2+ + 2e- " Cu

(5.9)

As the pH increases along ab (Figure 5.6), two possible reactions can occur. Copper(I)
oxide can precipitate (Figure 5.2):
2Cu2+ + 2e- + 2 OH - " Cu2O(s) + H2O

(5.10)

or, Cu(OH)2(s) could form (line segment bc):
Cu2+ + 2 OH -" Cu(OH)2(s) + H2O

(5.11)

To observe the copper(I) equilibrium potentials, the copper electrode should be anodized
before the run to produce the appropriate copper(I) species on it17. In this study the
electrode was etched in HNO3 before each run; thus, it was reasonable to consider that no
copper(I) species existed on the copper surface. At high pH values, the copper ions in
solution precipitated as a pale blue gel of Cu(OH)2(s) and not the black CuO(s).
Therefore, the measured potential corresponded to the Cu(OH)2/Cu equilibrium:
Cu(OH)2(s)+ 2e- + 2H+ " Cu + 2 H2O

(5.12)

Figure 5.6 should then be considered as a metastable diagram. The measured potentials
are in good agreement with the thermodynamically predicted lines. The slope changes
around pH 6 as dictated by the formation of Cu(OH)2(s) (Equation 5.12).
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The polarization curves of copper in hydroxylamine solutions are presented in
Figure 5.7. The metal and ligand concentrations in the electrolyte used in the
electrochemical experiments match those used to construct the stability diagrams. In the
presence of hydroxylamine (Figure 5.8), the OCP is constant up to pH~4, indicating the
Cu2+/Cu equilibrium. Above pH 4 the potential decreases, tracing the [CuNH2OH]2+/Cu
equilibrium line. The Cu2+/Cu equilibrium can be represented mathematically as:
log(KCu2+/Cu) = 2pε - log [Cu2+]

(5.13)

where Eh = 2.303 RT/F pε. Equation 5.11 indicates that the equilibrium potential of the
reaction is not a function of pH. On the other hand the [CuNH2OH]2+/Cu is represented as
follows:

or

Cu + NH3OH+ " [CuNH2OH]2+ + 2e- + H+

(5.14)

log(K[CuL/Cu) = -2pε - pH - log [NH3OH+]

(5.15a)

pε = ½ (- pH - log [NH3OH+] - log(K[CuL/Cu))

(5.15b)

According to Equation 5.15b, the potential is a linear function of pH with a negative
slope.

The close agreement between the measured OCP and the equilibrium lines
(Figure 5.8) indicate that equilibrium at the copper surface is indeed represented by
Equation 5.14. If hydroxylamine was acting as an oxidizing agent1-3, then it would
increase the cathodic current and shift the OCP to more positive values. This means that
hydroxylamine slurries act in the same way ammonia slurries do, i.e. the ligand
(ammonia or hydroxylamine) increases the dissolution rate of the metal through
complexation8-10.
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The corrosion current was measured at different pHs in the presence and in the
absence of hydroxylamine (Figure 5.9). In the absence of hydroxylamine, the corrosion
current is generally low and does not change much with pH. On the other hand, in the
presence of hydroxylamine the current is high and goes through a maximum around pH
6, which coincides with the region of stability of the complexes.

5.4.3 Kinetics of Copper Dissolution in Hydroxylamine Solutions
Ammonia, like hydroxylamine, can be protonated in acid medium. Halpern18
found that both the protonated and the unprotonated forms of ammonia can react with
copper to form the Cu(II) complex:
Cu + NH3 " [CuNH3]2+ + 2e-

(5.16a)

Cu + NH4+ " [CuNH3]2+ + 2e- + H+

(5.16b)

However, the contribution of Equation 5.14a to the total rate was found to be much larger
than that of Equation 14b. It is postulated in this study that hydroxylamine will react in a
similar way, with the unprotonated form (NH2OH) having the major contribution to the
total dissolution rate. This would mean that at low pH values, where the concentration of
the unprotonated form is low (Figure 5.1), the rate of reaction will be low. As pH
increases, the concentration of NH2OH increases and the rate of dissolution increases. At
very high pH values, copper would precipitate as an oxide (or hydroxide) ( Figure 5.3)
and lead to a drop in the dissolution rate.
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To model this process, the surface coverage of the copper oxide (θ ) is assumed to
be a function of pH that has the following behavior:
θ " 0 as pH "0

and,

θ " 1 as pH " 14

Thus, θ is presented in the form:

θ = 1 - exp(-q [OH-])

(5.17)

where q is an adjustable parameter. The dissolution of the metal (icorr) is taken as a first
order reaction with respect to the ligand concentration with a rate constant k:
icorr = k [NH2OH] (1-θ )

(5.18)

The concentration of NH2OH is also a function of pH (Equation 5.2) and is given by:
[NH2OH] = LT (Kb /(Kb + [H+]))

(5.19)

where LT is the total ligand concentration (0.2 M). Equations 5.16 and 5.17 indicate that
the dissolution rate of the metal will increase with increasing the pH.

The rate of oxide dissolution is related to the oxide coverage through a constant
kd :
id = kd θ

(5.20)

The total dissolution rate (iT) is then given by:
iT = k [LT (Kb /(Kb + [H+]))] exp(-q [OH-]) + kd θ (1-exp(-q [OH-]))

(5.21)

Figure 5.10 illustrates the fit of Equation 5.21 to the data from Figure 5.9. The trends of
the model are good in agreement with the data. This agreement strengthens the argument
that the hydroxylamine in CMP slurries is mainly a complexing agent and that the
oxidizer is most likely atmospheric oxygen. Hydroxylamine offers very little oxidation if
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any. The effect of complexation on dissolution is also observed in copper-ammonia
system where ammonia acts solely is a ligand10,11,19,20. The dissolution rate of copper was
found to have a peak around pH 10 where the copper ammonia complexes are stable7.

5.5 Conclusions
The aqueous stability diagrams of the Cu-NH2OH-H2O system presented in this
study

show

that

the

copper-hydroxylamine

complexes,

[CuNH2OH]2+

and

[Cu(NH2OH)2]2+, are stable around pH 6. The complexes begin to form at a relatively
low concentration of the ligand (~10-3 M). The dissolution of copper in hydroxylamine is
strongly dependent on the pH. In the pH range where copper-hydroxylamine complexes
are stable the corrosion current is roughly three orders of magnitude higher than the
corresponding hydroxylamine-free system.

The OCP measured in the copper-hydroxylamine system coincided well with the
thermodynamically predicted values in the stability diagrams. This indicates that
hydroxylamine is not significantly reduced at the copper surface. If it were reduced then
that would have caused an increase in the cathodic current and would shift the OCP to
more positive values. The success of hydroxylamine slurries could, thus, be attributed to
complexation, which creates soluble copper species and increases the dissolution rate of
copper. This is comparable to the ammonia-based slurries studied early in copper CMP
where the dissolution of copper is enhanced through complexation.
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When using hydroxylamine in copper CMP slurries, special attention should be
focused at the pHs around 6. In this pH range the oxide film does not form; instead, a
soluble complex is produced which greatly enhances the dissolution of copper.
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Table 5.1. Thermodynamic data used in calculating aqueous stability diagrams.
Reaction

log K

Reference

Cu " Cu2+ + 2e-

-11.5

13

Cu2O(s) + 2H+ " 2Cu2+ +H2O+ 2e-

-7.0

13

CuO(s) + 2H+ " Cu2++ H2O

7.3

13

Cu(OH)2(s)+ 2H+ " Cu2+ + H2O

9.1

13

[Cu NH2OH]2+ " Cu2+ + NH2OH

-2.4

4

[Cu (NH2OH)2]2+ " Cu2+ + 2NH2OH

-4.1

4

NH2OH + H+ " NH3OH+

5.96

4
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0.7
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Figure 5.1. Speciation diagram of hydroxylamine in water.

171

Eh, V
Figure 5.2. Eh-pH diagram for the copper-water system at 25°C: [Cu] = 10-4 M.
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Eh, V
Figure 5.3. Eh-pH diagram for the copper-hydroxylamine(L)-water system at 25°C:
[Cu]=10-4 M, [NH2OH]= 0.2 M .
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Figure 5.4. log[ligand]-pH diagram for the copper-hydroxylamine(L)-water system at
25°C: [Cu]= 10-4 M, Eh= 0.5 V (SHE).
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Figure 5.5. log[ligand]-pH diagram for the copper-hydroxylamine(L)-water system at
25°C: [Cu]= 10-6 M, Eh= 0.5 V (SHE).
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b

Eh, V

a

c

Figure 5.6. Potential measurements in the Cu-water system at different pHs, [Cu]=10-4
M.
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Figure 5.7. Polarization curves of copper in hydroxylamine solutions at different pHs
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Eh, V
Figure 5.8. Potential measurements in the Cu-hydroxylamine(L)-water system at different
pHs, [Cu]=10-4 M, [NH2OH]= 0.2 M .
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Figure 5.9. Effect of pH on the corrosion current of copper in the presence and in the
absence of hydroxylamine 14.

179

4.0

3.5

3.0

icorr, mA

2.5

2.0

1.5

1.0

0.5

0.0
0

2

4

6

8

10

12

14

16

pH
Figure 5.10. Simulated dissolution of copper in 0.2 M hydroxylamine solution using
Equation 5.21.
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Chapter 6

Summary and Suggestions for Future Work

6.1 Introduction
In 1965, Gordon E. Moore predicted that the processing power of microchips
would double every 18 months. For three decades now, this prediction has held in the
microchip industry like a force of nature. However, in the early 1990s, Moore’s law was
about to be repealed. Aluminum, the interconnect metal used in chips, was reaching its
limits. The interconnect lines were becoming so thin, that failure due to electromigration
in aluminum interconnects became a serious concern. A new interconnect metal had to be
found to keep the number of components on a chip increasing, and their sizes shrinking.
The solution to that was by switching to copper interconnects. Copper has higher
conductivity and higher electromigration resistance, making it suitable for manufacturing
thinner interconnect lines. Thanks to copper, Moore’s law still holds today, and hopefully
will be maintained for a few years to come.

Since copper cannot be processed using the traditional reactive ions etching (RIE)
process, chemical mechanical polishing was the way to go. Much of the success of a
CMP process rests in the chemistry of the slurry used. Without the chemical reactions
that take place between the metal and the slurry components, the polishing would merely
be a mechanical process that would render the wafer surface scratched, and unusable as a
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microchip. Understanding the chemical reactions taking place at the copper surface is,
thus, crucial for the effective design of CMP systems. This study uses electrochemistry
and solution chemistry techniques to probe the reactions taking place at the
copper/solution interface in CMP-like solutions. The following, important but previously
unexplained observations related to copper CMP served as a basis for this work:
•

The polishing rate is higher than the electrochemically determined corrosion
current1-4

•

The dissolution of copper increases with increase in hydrogen peroxide
concentration then drops at high concentrations5-7.

•

The dissolution of copper in hydroxylamine solutions exhibits a peak at ~pH 6.8

Experimental and theoretical approaches are combined to give a clearer picture of the
situation at the metal surface and to explain the above mentioned observations.

6.2 Passive Film Formation and Removal
A common observation in metal CMP studies is that the rate of polishing is
always much higher than the corrosion current obtained from electrochemical studies.
This study utilized tools developed for studying metal wear to explain why that is the
case; the approach was to differentiate between what happens at an abraded copper
surface on a polisher as compared to a copper surface in a quiescent electrochemical cell.
On a polisher the passive film would be ruptured and might or might not have enough
time to re-grow, while in an electrochemical cell the film would be intact. For copper in
BTAH-containing slurries the first question was: How fast does the passive Cu(I)BTA
184

film grow? The answer to this question was pursued by studying the anodic behavior of
copper in BTAH-containing solutions.

The anodic growth of the Cu(I)BTA film was monitored in solutions containing
25 to 75 mM BTAH at pH 2.0; the potential was stepped in the range 45-150 mV SCE.
Under these conditions, the Cu(I)BTA film take ~20 s to completely passivate the copper
surface, which is much longer than the time estimated as available for the film to grow
during polishing. This is an indication that the behavior of copper during CMP would be
better represented by a bare metal than by a passivated metal. The model presented by
Kaufman et al.9 does not seem to be applicable for copper CMP in BTAH-containing
slurries. This model explains the material removal in terms of passivation, followed by
passive film removal, followed by repassivation (Figure 1.4, a-b-c-d). In contrast, what
the present study indicated is that the polishing occurs through corrosive wear at the high
spots on the metal surface (Figure 1.4, a-b-c’-d’).

The growth of the Cu(I)BTA film follows a 3D growth model. The nucleation of
the film was found to be sensitive to pH changes; the nucleation mode changes from
instantaneous at pH 2.0 to progressive at pH 3.3. The film grows faster at higher
potentials and lower BTAH concentrations.

Carrying this understanding forward, the next focus of the investigation was to
see if the corrosion current of the bare copper metal would resemble the observed
polishing rate. A first step was to see how the absence of the Cu(I)BTA film affects the
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behavior of copper in BTAH solutions. The film-free copper surface would simulate the
high spots undergoing corrosive wear (Figure 1.4, a-b-c’-d’). In contrast to the well
established role of BTAH as an anodic inhibitor, the removal of the Cu(I)BTA film
changed BTAH into a cathodic inhibitor. The removal of the film also caused a sizable
increase in the corrosion current.

The corrosion current of the bare copper was measured in solutions containing
BTAH as well as a CMP oxidizer; both the inhibitor and oxidizer concentrations were
chosen to be in the range used in CMP. This situation was meant to simulate the
conditions in the high spots on a copper wafer where the metal is continuously abraded
and the passive film has no time to grow. The measured corrosion current was in the
range of 1-15 mA cm-2, which is in reasonable agreement with the polishing rates
reported in the literature (7-20 mA cm-2). This is a strong indication that the corrosion of
the high spots on a copper wafer is best represented by the corrosive wear of a bare metal.

6.3 Dissolution of Copper in Hydrogen Peroxide Solutions
This study revealed that the decrease in dissolution rate of copper at high
hydrogen peroxide concentration is due to the conditions at the metal/solution interface.
When copper dissolves in hydrogen peroxide solutions the cathodic reaction causes the
pH to increase at the metal surface, and the anodic reaction causes the copper ion
concentration to increase. This combination of events causes copper oxide to precipitate
at the electrode surface and slows down the metal dissolution.
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To avoid this problem, at least one of the two events has to be eliminated, either
the accumulation of the copper ions or the rise in pH. If the slurry flow between the pad
and the wafer is increased, then copper ions and the hydroxyl ions would not accumulate
at the surface. This would keep the conditions at the metal surface from exceeding the
solubility limit and will prevent oxide formation.

The other avenue to prevent the oxide precipitation is by controlling the pH. If the
solution pH was adjusted using a strong acid that is completely ionized, then there would
be nothing to compensate for the pH change at the electrode surface except the diffusion
process. However, if the solutions were buffered, then the pH increase caused by the
reduction of hydrogen peroxide would be compensated by the local ionization of the
buffer. In this study the solutions were buffered with a mixed buffer containing 0.04 M
each of acetic, phosphoric, and boric acids, with an appropriate amount of sodium
hydroxide to adjust the pH. In this solution the pH rose from 2.0 to 4.3 near the electrode
surface in spite of the buffer. A buffer with a higher buffer capacity is more capable of
controlling the pH. By using a buffer with a higher capacity and avoiding the local pH
rise, then the precipitation of copper oxide would be prevented and, thus, the dissolution
of the copper in hydrogen peroxide solutions would increase with increasing hydrogen
peroxide concentration. Eventually though, increasing the dissolution rate of copper
would increase the surface concentration of the copper ions and lead to precipitation. This
means that the position and height of the dissolution peak would shift to higher values as
the buffer capacity increases.
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Getting higher dissolution might be counterproductive in the CMP context as it
could lead to more metal etching. However, knowing the reason for the peak observed in
the dissolution rate could explain some similar observations in copper CMP. For
example, the polishing rate of copper in chlorate slurries was also found to have a peak at
a certain chlorate concentration, and at higher concentrations the polishing rate
decreased10. The reduction of one mole of chlorate ions consumes six moles of protons,
ClO3- + 6H+ + 6 e- " Cl- + 3 H2O

(6.1)

which can reasonably be expected to raise the pH at the metal/solution interface. Thus, in
this case too, the surface solution conditions may get to the point where the precipitation
of the metal oxide is favorable. Accordingly, one might speculate that any oxidizer that
consumes protons during its reduction would exhibit a similar peak. Nitrate (Equation
6.2) would be a possible candidate, but there is not mention of such peak in the literature.
NO3- + 2 e- + 2H+ " NO2- + H2O

(6.2)

It should be noted however that the CMP studies reported in the literature always use
nitrate in strongly acidic solutions (nitric acid)11,12, this might be the reason why the pH
does not get high enough to cause oxide precipitation and passivation.

6.4 Dissolution of Copper in Hydroxylamine Solutions
The dissolution of copper in hydroxylamine solutions exhibits a peak around pH
6. The reason for this behavior was found to be the complexation of copper ions with
hydroxylamine; the complexes were found to be stable at intermediate pHs. At low pH
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the hydroxylamine is protonated and no complex forms; on the other hand, at high pH the
hydroxyl ion is abundant and thus the copper precipitates as an oxide or hydroxide. The
region of complex formation shows an increase in the corrosion current, which explains
the similar increase in the polishing rate observed in the literature46.

Hydroxylamine is not the only complexing agent used in copper CMP. Most of
the slurry formulations used in industry contain one or more possible complexing agent,
and with copper being a transition metal the possibility of complexation is high. When
ligands are used in slurries they are sometimes added deliberately for the purpose of
complexation; on the other hand, sometimes complexation is a side reaction for a reagent
used for another purpose. For example, ethylenediaminetetraacetic acid (EDTA) is a
strong ligand; it is used in slurries to complex with the dissolved copper compounds and
prevent them from precipitating back on the wafer surface13. Other ligands include
alcoholamines, alkylamines aminoacids, crown amines, dipyridyl, tartarate, citrate,
malonate, catechol, thiopenols, diketones, and mercaptans

14-21

. Ammonia is used in

copper CMP slurries to adjust the pH and to serve as a cation for charge balance with
anions, as in the case of ammonium persulfate oxidizer22. In addition to its intended role,
ammonia can perform a side reaction and act as a ligand for copper ions.

The results presented in Chapter 5 demonstrated the usefulness of aqueous
stability diagrams in metal CMP. Multiple roles for a reagent could be easily visualized
using such diagrams. The diagrams can delineate the regions of stability of the complexes
as a function of pH, potential, metal ion concentration, and ligand concentration. The
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abundance of thermodynamic data for copper compounds facilitates the construction of
such diagrams for the different ligands. With the aid of these diagrams, suitable
processing windows for a CMP operation could be selected by enhancing or suppressing
the stability of different compounds. For the copper-ammonia system, Osseo-Asare and
Mishra23 used the stability diagrams to identify the conditions that are suitable for
etching, mechanical polishing, and chemical mechanical polishing.

6.5 Suggestions for Future Work
This study has presented scientific explanations for some of the previously
puzzling observations in copper CMP. However, this work stirred more questions than it
answered. Considering the three topics that have been addressed here, it is clear that there
is a need for more systematic investigation to reveal the intricacies of copper CMP. Such
additional work would serve the copper CMP field as well as the metal CMP field in
general.

6.5.1 Copper, BTAH, and Passive Films

The conditions of pH, potential, inhibitor and oxidizer concentrations used in this
study were selected to match the industrial copper CMP conditions. The nucleation and
growth of the Cu(I)BTA film was found to be sensitive to the pH of the solution;
however, this study covered a narrow range of pH (2.0-3.3). The nucleation and growth
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of the film should be studied over a wider range of pH, as it is known that the inhibition
efficiency of BTAH increases at higher pH values24,25.

The BTAH concentrations used were generally too high for corrosion protection
applications, thus, studying the nucleation and growth of the film at lower concentration
would be more useful to the field of corrosion and corrosion protection. Understanding
the kinetics of film growth at lower BTAH concentrations could also be beneficial for
CMP as it has been shown that the BTAH is an inhibitor for the cathodic reactions. It
would be desirable to reduce the BTAH concentration to a level that allows for
passivation of the surface without adverse effects on the cathodic reaction. Along these
lines, BTAH derivatives26,27,28, like tolyletriazole (TTA), chlorobenzotriazole (ClBTAH),

nitrobenzotriazole

(NO2-BTAH),

aminobenzotriazole

(ATA),

and

hydroxybenzotriazole (OH-BTAH), should be systematically screened for possible
candidates for copper CMP.

One possible corrosion inhibitor for copper CMP is the BTAH-iodide system.
Pickering et al.29-32 used corrosion current as well as QCM measurements to demonstrate
that the iodide ion greatly enhances the efficiency of BTAH as an inhibitor for copper
corrosion. The corrosion protection offered by BTAH-iodide was found to be superior to
that of BTAH alone, specially at low pH values. Pickering et al. conducted their
experiments in a quiescent setup which, for copper CMP, would resemble the situation in
the low spots on the metal surface. As noted earlier, a successful corrosion inhibitor for
copper CMP would be one that reduces the corrosion of the unscratched metal as much as
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possible, and has as little effect as possible on the bare metal dissolution. BTAH-iodide
effectively satisfies the first criterion; reducing the corrosion of the unscratched metal.
For the scratched metal, this study demonstrated that the time needed for repassivation
(~20 s) is roughly three orders of magnitude greater than the available time (~30 ms). As
a first guess, the presence of iodide ion would not be expected to increase the rate of film
growth, at least not by three orders of magnitude. This means that the scratched areas of
copper in a BTAH-iodide solution will most likely be bare metal. Having fast corroding
bare metal in the high spots, and well protected low spots is the ideal combination for
metal CMP. Procedures similar to the ones presented in Chapters two and three of this
study would be used to study the BTAH-iodide as an inhibitor in copper CMP.

The bare metal corrosion ought to be utilized as a technique to study other aspects
of the slurry chemistry. By working on a bare metal surface, it would be possible to study
the kinetics of both the cathodic and the anodic reactions in copper CMP without the
interference of the Cu(I)BTA film. By obtaining the corrosion current of a bare metal at
different oxidizer concentrations, the rate constants and reaction orders could be
determined. This would allow for accurate predictions of the behavior of a certain slurry
from the chemical point of view and also enable the careful optimization of the slurry
chemistry. In a similar manner, the mechanical effects like pressure and rotation speed
can be optimized. The pure mechanical contribution can be evaluated by subtracting the
chemical contribution from the total polishing rate.
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The discrepancy found between the polishing rate and corrosion current is not
limited to copper in BTAH-containing slurries, it is a general observation in metal CMP.
The corrosion current is lower than the polishing rate for tungsten33-35, aluminum36-38, and
tantalum39. For all these metals it is till believed that the polishing goes through oxide
formation followed by oxide removal (Figure 1.4 a, b, c, d) as proposed by Kaufman et
al.40. The bare metal studies, presented in this thesis, cast some doubts on the
applicability of the Kaufman model to CMP. This calls for revisiting the literature,
understanding what is already known about the bare tungsten, aluminum and tantalum
surfaces, and using the gained knowledge to improve our understanding of CMP.

6.5.2 Oxide Formation in Oxidizer Solutions

Oxidizing agents that are known to consume protons during their reduction should
be studied in more detail; this includes chlorate, iodate and nitrate. The effect of surface
pH change would be expected to be the same as that caused by hydrogen peroxide. It
would cause the precipitation of copper oxide and possibly a decrease in the metal
dissolution rate. Special attention should be focused on the possible side reactions and the
reduction products. Chlorate would produce chloride ion which is a possible complexing
agent for copper(I) ions, while iodate would give iodide which forms an insoluble Cu2I2
film; surface analysis techniques would be useful for such studies.
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6.5.3 Complexing Agents in Slurries

In the pH regions where complexes are stable, the metal dissolution rate was
found to increase41-43. Therefore, in a systematic manner, the aqueous stability diagrams
could be constructed for copper with consideration of the ligands used in CMP slurries.
Special care has to be taken when performing CMP within the regions of complex
formation, as it was shown that complexation increases the dissolution rate of the metal.

6.5.4 Kinetics of Dissolution

The dissolution of metals in aqueous solutions has been extensively studied in the
literature; however, the complexity of the CMP slurries requires a closer look. In this
study, the kinetics of dissolution of copper in hydrogen peroxide and hydroxylamine was
described using phenomenological models. Although the models are in good agreement
with the experimental data, more work is still needed. The approach used by SarabyReintjes44,45 could serve as a basis for further studies. Saraby-Reintjes studied the
passivation of nickel as a competitive adsorption process, and attributed the passivation
to the adsorption of the metal hydroxide. The theoretical treatment proposed could be
adapted to the dissolution and passivation of copper in hydrogen peroxide and
hydroxylamine solutions.
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