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ABSTRACT

Tribochemical Properties of Meta-Stable States of Transition Metals.
(May 2008)
Prasenjit Kar, B.Sc.; M.Sc., Assam Central University, India

Chair of Advisory Committee: Dr. Hong Liang

Mechanical forces can be used to trigger chemical reactions through activating
bonds and to direct the course of such reactions in organic materials, particularly in
polymers. In inorganic materials, the small molecules present significant challenges in
directing the reaction kinetics. This dissertation studied the dynamics and kinetics of
oxidation of transitional metals, particularly on tantalum through mechanical forces.
This is a new area of research in surface science.

Experimentally using a combined electrochemical and mechanical manipulation
technique, we compared the equilibrium and non-equilibrium oxidation processes and
states of tantalum. An experimental setup was developed with an electrochemical system
attached to a sliding mechanical configuration capable of friction force measurement.
The surface chemistry of a sliding surface, i.e., tantalum, was controlled through the
electrolyte. The mechanical force was fixed and the dynamics of the surface was
monitored in situ through a force sensor. The formation of non-equilibrium tantalum

oxides was found in fluid environments of hydrogen peroxide, acetic acid and deionized



v

water. We found that the mechanical energy induced the non-stable state reactions
leading to metal-stable oxides.

Analytically, we compared the energy dispersion, reaction kinetics, and
investigate physical chemical reactions. We proposed a modified Arrhenius equation to
predict the effect of mechanical energy on non-spontaneous reaction under non-
equilibrium conditions. At the end, we also propose a modified Pourbaix diagram known
as the Kar-Liang diagram. The Kar-Liang diagram helps to understand the behavior of
tantalum under non-equilibrium conditions. A complete understanding of the
tribochemical reaction of tantalum is achieved through this dissertation.

The dissertation contains six chapters. After the introduction and approach,
oxidation of tantalum is discussed in Chapter IV, kinetics in Chapter V. The non-
equilibrium Kar-Liang diagram is discussed in Chapter VI, followed by conclusion. This
research has important impacts on the field of surface science in understanding the
basics of mechanochemical reactions. The resulting theory is beneficial to understand
chemical-mechanical planarization (CMP) and to optimize the current industrial

processes in microelectronics in making integrated circuits.
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CHAPTER |

INTRODUCTION

In order to understand basics behind the research, this chapter introduces background
information in tribology, mechanochemistry, interface, and metal oxidation. The
interactions between oxygen-containing mlecules and transition metals were reviewed.

Needs in understanding are highlighted.

1.1 History of tribology

Friction may be defined as the resistance force experienced when two bodies slide over
another. Tribology is the field of science which deals with the study of mechanical and
chemical effects on the surface of the two bodies when they slide over another. The first
chemical effect of tribology was experienced by primitive men when they rubbed two
log pieces over one another to generate enough heat to light fire. Tribology was also
found in construction of pyramids where water was used as lubricant to move logs
carrying colossal statues. A transportation of an Egyptian coliseum is shown in an
ancient painting in the tomb of Tehuti-Hetep, El-Bershed, using the principles of

tribology as seen in figure 1.1. [1]

This dissertation follows the style of Electrochimica Acta.
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Figure 1.1: Showing Lubrication in Ancient Egypt.[1]

The first scientifically done experiment on tribology was done by Charles
Hatchett (1760-1820). [2] He used a simple tribometer which slides back and forth to
evaluate wear on gold coins. Hatchett found that gold coins which had grits on it wore
fast as compared to self-mated coins. [3]

However the first to put forward the two laws of friction was Leonardo da Vinci
(1470s). [4] The two laws of friction as stated by Vinci are:

1. The areas in contact are independent of frictional resistance. Different objects
having same weights will experience same resistance irrespective of the area
of contact.

2. The force needed to overcome frictional resistance is doubled when weight is
doubled. In other words, frictional resistance is directly proportional to

weight applied.



Based on these two laws Leonardo da Vinci suggested the law that force applied

to move an object is directly proportional to the load applied. [4]

M = F /N; where p = coefficient of friction.

Guillaume Amontons (1663-1705) stated that friction was dependent on roughness
of surface which was later disproved by scientists believed that friction was due to the
roughness on the surfaces. However it was Charles August Coulomb (1736-1806) who
added to the da Vinci’s second law of friction that the resistance experienced is directly
proportional to the compressive force applied when the two bodies slide over another.
[5] Coulomb published his work referring to Amontons and hence the second law of
friction is known as the "Amontons-Coulomb Law". [6]

F. Philip Bowden and David Tabor in 1950s suggested that in microscopic level
friction does indeed depend on contact area and Amontons-Coloumb Law fails in this
aspect. [7] They suggested that if we look closely at any surface in microscopic level,
even the smoothest surfaces have hills and valleys on them. The true contact area is
much smaller than the apparent contact area as seen in macroscopic level. The true
contact area in fact contains multiple points of contact called asperities. These contact
areas or asperities increase with the increase in compressive force. As a result the true
contact area increases with increase in compressive force in microscopic level as
opposed to macroscopic level. Thus, at microscopic level the frictional force is
dependent on the true contact area.

Effects of friction are far and wide in our daily life. Friction results in increased

wear, heating of objects leading to chemical transformation, adhesion and welding



leading to deformation of surface structure. These damaging effects cause huge loss to
industry like in railways, machineries used in oil and gas industry and others.[8] The
loss involves the replacement of worn out objects. Also the cost of maintenance like
usage of lubricants to prolong the life of the materials concerned adds to the financial
burden. A whole branch of industrial investigation is devoted to reduce damages done
due to friction by lubricant manufacture, surface modification through selection of
proper materials, and coating technology. Friction is not always bad. Friction has its
uses in breaking technology, in machining, and also in polishing. In our day to day life
it is seen that a simple drive on the road needs an appropriate grip that is frictional force
between the tires and the road gravel to prevent skidding of cars off the road. Without
friction, we can not stand firm on the ground.

As stated that a tribological system is dynamic. It depends not only on the
mechanical forces in play but also on the electrochemical and chemical environments.
The present dissertation tries to investigate the effects of compressive force on the
chemistry of materials. The mechanochemistry is investigated in a tribological

environment.

1.2 Mechanochemistry
It is known that shear stress changes the orientation of solids. These drastic
changes in the orientation of orbitals facilitate the chemical reactions. Shear stress
changes spheres to ellipsoids and cubic symmetry to tetragonal. According to Gillman,

the re-orientation of orbitals destabilizes the structure which facilitates reactions which



are not possible in ordinary circumstances. [9] In case of polymer reactions it is mainly
strain that plays an important role in driving the mechano-chemical reactions as shown
in the figure taken from Gillman’s paper published in Science. Figure 1.2 illustrates the
effects of stain on orbital structure of molecules. This figure shows that when covalent
bonds are subjected to strain energy the gap between highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals (LUMO) decreases. As a result
the anti-bonding percentage increases leading to destabilization in the structure
facilitating chemical reactions. Similarly if a molecule is in the bend state in the ground
state and is subjected to straightening by application of strain energy than same
destabilization in structure will take place.

Mechano-chemical reactions are found in tribochemical processes involving
friction, fretting, wear, etc. apart from other sources such as mechanical alloying.
Boldyrev and Bridgman reported a variety of mechano-chemical reactions involving
both organic and inorganic compounds. The reactions involve polymerization reactions,

substitution reactions, and decomposition reactions.
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Figure 1.2: HOMO-LUMO interaction of compounds under influence of strain
energy. [9]

The mechanism of action in case of solid-state crystal structures is different from
covalent structures. [10] In solid state crystal structures the band-gap phenomenon
comes into play. It is known that when a strain is applied on a material which is large
enough to narrow down the band gaps than the material can be transitioned from an
insulator to a metallic state. [11] Isotropic compression does not yield the same result as
strain is equal from all directions. However large pressure acting on a material has been

found to affect the band gaps resulting in a change of property of the materials. [12]



1.3 Interface science

In interfacial science and engineering, one of the critical issues faced today is to
understand the behavior of metals and small molecules under non-equilibrium,
particularly mechano-chemical conditions. This understanding becomes important in
mitigating the problems faced in real world due to the unique chemistry of elements
under extreme environments like high temperature, high stress, etc.
1.3.1 Interfacial interaction of oxygen containing molecules with transition metals

An interface is defined as a transition layer between two or more entities that
differ in physical or chemical properties or both. Interface exists in a system which has a
sudden change in its equilibrium conditions like density, chemical composition,
magnetic property, etc.[13] Oxygen containing molecules (organic or inorganic) are in
constant interaction with transition metals in industry under mechanical as well as
chemical environments through atmosphere, lubricants, or slurries. Hence a good
understanding of the interfacial mechano-chemistry under non-equilibrium conditions is
essential to help in increasing the durability of industrial parts made of these types of

metals.



The schematic in figure 1.3 summarizes possible pathways of interfacial

interactions between oxygen containing molecules and transition metals:

Oxidation
Oxy-Organic
thslsﬂrpuﬂn \ l / Physi on
Transition
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@& | Sa=

Figure 1.3: Schematic of probable interfacial interaction of oxygen containing molecules
with transition metals.

A brief overview is given on these different types of interfacial reactions

observed between oxygen containing molecules as follows:



1.3.2 Oxidation mechanism on transition metals

The oxidation of metals on interaction with oxygen is an important industrial
phenomenon. The oxidation generally takes places by dissociative chemisorption of
oxygen molecules on the transition metal surface. The activation energy barrier for the
dissociative chemisorption of molecule decreases as we move towards the left of the
periodic table.[14] However it is noted that under certain conditions, especially if the
transition metals to the left side of the periodic table are considered like iridium,
dioxygen is known to have acted as ligands in reactions termed as oxygenation
reactions.[15]
1.3.3 Oxygen physisorption

Physisorption of molecular oxygen is the first step in transition metals before it is
chemisorbed. However at low temperatures say 20 K, oxygen is known to have
physisorbed on transition metals like Pt.[16]
1.3.4 Free radical interaction

Oxygen interaction in the form of free radical with transition metals is mostly
found in biological systems.[17] It has been reported that in presence of H,O, and Fe salt
free radical ‘OH is generated.[18] Also, in vivo (cellular interface) the generation of
H,0O; via enzymes and its subsequent interaction with metallo-enzymes also leads to the
formation of free radical OH.[17]
1.3.5 Hydroxyl interaction

The transition metal — OH (Hydroxyl) bond is considered to be a very strong

bond of electrostatic nature with charge transfer occurring from the metal to the — OH
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group. Water is also known to chemiadsorb on transition metals forming aqua ligands.
Under UHV conditions the dissociative adsorption is observed leading to the formation
of — OH groups.[19]
1.3.6 Chemisorption interaction of oxygen containing organic molecules

Similar to dioxygen chemisorption, oxygen containing small organic molecules
like methanol undergoes dissociative adsorption on the transition metal surfaces.[20]
However in case of long chained molecules dissociative adsorption is not seen. Long
chained molecules especially polar lubricating oils do form a transfer film on the metal
surface under tribological conditions showing chemisorption.[21]
1.3.7 Physisorption interaction of oxygen containing organic molecules

Oxygen containing small organic molecules like methanol can be made to
physisorb at fixed potentials under ultra high vacuum conditions.[22] Long chain oxygen
containing organic molecules which show wetting of the transition metal surface actually
undergo physisorption. Polar oil shows greater physisorption on transition metal surface
as compared to non-polar oils due to the preferential orientation of the polar molecules

due to dipole interactions. [23]
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To summarize the discussion, Table 1.1 lists the current understanding of the

metal-oxygen interactions and needs:

Table 1.1: Summary of current understanding of metal-oxygen interface

Category | Mechanisms References | Need

Oxidation Dissociative absorption [14], [15]

Oxygen Van der Waal’s interaction | [16]

physisorption | at low temperature

Oxygen Free-radical OH generation | [17], [18]

free-radical New

Hydroxyl Dissociative absorption, [19] mechanisms

interaction Chemical interaction with new

Organic Chemical interaction, [20], [21] surface

chemisorption | Dissociative absorption chemistry.
(Small molecules)

Organic Van-der Waal’s interaction | [22], [23]

physisorption | at low temperatures
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1.4 Triboelectrochemistry

Since last century numerous studies have been involved studying the effects of
potential on the wear and friction. This has led to the development of a new field of
study known as triboelectrochemistry.[24],[25] Till 1980s the main work has been done
on aqueous solutions due to their high reactivity.[26] Recently works on conventional
hydrocarbon based lubricants have also been reported.[27]

The importance of the study of triboelectrochemistry is due to its
interdisciplinary nature. It covers the areas of materials science, electrochemistry,
mechanics, thermodyamics and surface science. Generally  speaking
triboelectrochemistry is a new developing field within tribology.[28] It primarily
involves the study of the physical and chemical changes that occurs between two
rubbing surfaces in an electrochemical setup. As stated above the research on
triboelectrochemistry started with aqueous solutions and today involves effects of non-
aqueous media and also the effects of electrochemical control on the friction and wear of
two rubbing bodies.

The dissertation concentrates on two areas of triboelectrochemistry. One is the
tribochemical investigation in aqueous media and other is tribochemical polishing. A
brief description of research done on tribochemical investigation in non-aqueous media
shall also be given. However this investigation is not in the scope of the dissertation.
1.4.1. Triboelectrochemistry in aqueous media

When two surfaces rub on each other in presence of an electrolytic solution then

significant modifications occur on the physico-chemical nature of the surface. These
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changes depend on the pH of the solution, the applied potential and contact pressure.
[29],[30],[31],[32],[33] The triboelectrochemical setup in aqueous media usually
employs three electrode systems, such as in corrosive wear studies of stainless steel
[34], [35]. The mechanism is complex and involves basically three steps as follows [36]:
1. The contact load applied on the working electrode decreases due to the
effects of electrostatic repulsion of the electrical double layer.
2. The formation of oxide layers depends on the electric field generated by
the double layer.
3. The rate of the electrochemical reaction on the rubbing surfaces is
controlled by the applied electric field.

Due to the complicated mechanisms involved electrochemists prefer to use other
surface characterization techniques like X-ray photoelectron spectroscopy (XPS) and
atomic force microscopy (AFM) to understand better the chemical changes taking place
on the surface.

1.4.2 Triboelectrochemistry in non-aqueous media

The conventional electrochemical methods fail in the case of
triboelectrochemistry in non —aqueous media due to low conductivity of lubricants. As
such two-electrode method is applied to facilitate direct voltage application.[37] The
wear and friction behavior depends on the polarity of the molecules under

investigation.[38],[39]
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1.4.3. Triboelectrochemistry in electrochemical mechanical polishing

Polishing in layman terms means to shine a surface to perfection. This is
achieved due to surface planarization which results in a perfect smooth surface. In case
of electronic chips this has added importance due to layer by layer deposition engaged in
chip fabrication. [40],[41] Chemical mechanical polishing has long been used to polish
electronic chips. The mechanism of action is two folds. The mechanical forces as well as
the abrasives undergo a synergic process to wear out the rough edges and give an atomic
level planarization precision.[42] The electrochemical mechanical polishing (ECMP)
that this dissertation deals with basically combines the electrochemical set-up with the
conventional chemical mechanical polishing (CMP). Usually a two electrode or a three
electrode system is used for the polishing process with the working electrode acting as
the anode. Metal oxide layer is formed and simultaneously polished giving a more
effective polishing technique. [43] There is another form of electrochemical mechanical
polishing known as tribological electrochemical polishing (TECP). TECP is based on
tribochemical polishing (TCP) in which the working surface is rubbed on a hard surface
like ceramics and stainless steel as proposed by Dr. Fischer et al. [44],[45] In TECP the
polishing pad also acts as one of the electrode and is metallic in nature. TECP due to its
firm surface is said to have high polishing efficiency. The post-CMP cleaning which is a
problem faced in CMP industry is considerably removed due to non usage of abrasive
materials in this procedure. [28]

The dissertation deals with the triboelectrochemical investigation of the polishing

of tantalum. The mechano-chemical effects on the oxidation states of tantalum are
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studied. The procedure applied is electrochemical mechanical polishing (ECMP) and

chemical mechanical polishing (CMP).
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CHAPTER I

MOTIVATION AND OBJECTIVES

2.1. Motivation

As discussed previously, there are needs to advance current understanding of
metal-oxygen interactions under non-equilibrium conditions. Specifically, the interfacial
interactions of the oxygen based molecules, both organic and inorganic, under
tribological conditions are yet to be understood. The non-equilibrium conditions often
are associated with the tribological process, where synergy of physical or chemical
interactions is concerted in a system having dynamic contact such as sliding. The area of
contact between the two surfaces undergoes chemical changes under such non-
equilibrium conditions. The present research generates and characterizes the
tribochemical interactions that occur due to the interaction of oxygen containing
molecules with an industrially important transition metal used extensively in semi-
conductor industry. Tantalum is selected as the material to be investigated.

The non-equilibrium processes result in the formation of unique metastable
products which are hitherto unknown. Mechanical parameters like shear, pressure, and
velocity induce breaking of the weak bonds forming a non-equilibrium product.[46]
Non-equilibrium oxides like Wustite have been known to form by aid of high energy
mechanical activation.[47] Rare-earth oxides are also known to have been formed by
mechano-activation.[48] These non-equilibrium oxides have found multiple uses in

batteries,[49],[50] ferro-electrics,[51] and catalysis[52],[53],[54],[55].
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It is known theoretically that under these mechano-chemical parameters the
surface and near surface atoms react corresponding to the stress and at certain moments,
the inter-atomic bonds are stretched and others compressed. Under applied forces, the
inter-atomic distance of solids decreases, this leads to greater overlap of wave
functions[9]. Similarly, shear force leads to the change of bond angles and hence
facilitating decrease in band gap bringing about a chemical transformation of the
moieties.[56],[57].This research aims to generate and investigate these meta-stable
transformations and understand the theory behind their formation. Also the effects of
additional energy such as electrical energy in the generation of metastable products are
investigated. The effects of mechanical energy on chemical properties will be studied.
Figure 2.1 illustrates the simple relationship between mechanical and chemical

interactions.

@=

Figure.2.1: A mechanical force text-book model shows the impact of this force targeted
on specific bond. When the impact of mechanical force generated is higher than the
bonding strength of the molecule alternative chemical reactions take place under such
conditions.
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Further more, this research will develop mechano-chemical techniques to
generate meta-stable reaction products. High resolution and in situ techniques will be
developed or used to help understanding the mechanisms of such. The research generates
a unique non-equilibrium diagram that would be benefit for industry to understand the
effects of electrochemical-mechanical force on the oxidation of tantalum during
polishing, such as chemical-mechanical polishing (CMP) in microelectronics. The
development of in situ monitoring technique will be benefiting the detection of any

surface changes as a result of tribochemical reaction.

2.2. Objectives
There are three major scientific objectives to be achieved in this research.
2.2.1. Understanding of non-equilibrium reactions and interfacial properties
Investigation of non-equilibrium reactions and resulting meta-stable phases is to
be carried out. Understanding of dynamics and kinetics of the reaction process will be
obtained. In addition, a non-equilibrium diagram will be proposed in comparison with
the current equilibrium Pourbaix diagrams.
2.2.2. Development of methodology to study tribochemical surface properties
A unique approach is applied to develop a test methodology that can be used to
in situ monitor, evaluate, and optimize tribochemical and triboelectrochemical processes
and generate desired (meta-stable) phases. The methodology is expected to understand

the behavior of corrosive as well as oxidizing fluids on the tantalum metal surface.
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2.2.3. Obtaining knowledge of mechanisms of meta-stable phase formation

The major challenges in this aspect are the limited amount, their sensitivity, and
stability of materials to be analyzed. A series of high resolution techniques will be tested
out and a methodology will be developed at the end. Techniques include AFM, and XPS,
among others. The purpose is to understand principles of formation of meta-stable
phases and learn properties of the same. Knowing the relationships of process-property
of meta-stable phases has signification scientific and technological importance.

In the next chapter a detailed analysis will be provided on the experimental

conditions for the proposed research.
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CHAPTER 111

EXPERIMENTAL APPROACH

3.1 Materials
3.1.1 Tantalum
The metal that has been primarily investigated in this project is tantalum (Ta). Figure 3.1

shows the position of tantalum in periodic table.

)
Figure 3.1: Table showing the elements that will be investigated in the project.
According to International Union of Pure and Applied Chemistry (IUPAC) a

transition metal is defined as "an element whose atom has an incomplete d sub-shell, or

which can give rise to cations with an incomplete d sub-shell."[58] This excludes zinc
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(Zn), cadmium (Cd) and mercury (Hg) from the group. Traditionally however they have
been included in the d-group elements.

The reasons for including the transition element tantalum of the transition metal
series are enumerated as follows:

Tantalum (Ta) belongs to the third transition metal Series and has an electronic
configuration of 5d°4s® [59]. Tantalum is a non-reactive metal under air, water, strong
acids or alkaline solutions. This unique property of being unaffected in non-equilibrium
conditions is derived from the fact that it forms a passive, impervious layer of
Ta;0s.[60] The thin layer of Ta,Os has found applications in dielectric for storage
capacitors, gate insulators in metal-oxide-semiconductor (MOS) devices, optical
coatings, anti-reflection coatings and coatings for hot mirrors.[61] Investigation of meta-
stable products of Ta during chemical mechanical polishing (CMP) is essential to better
understand the effects of tantalum oxide coating in devices. The CMP industry will
benefit a lot in proper understanding of the tribochemical changes that occur during
polishing of the tantalum surface. Electro-tribochemical polishing is investigated as
major Ta,Os passive layer is formed in CMP through anodization procedure. [62]
Moreover the Pourbaix diagram of tantalum shows a uniform +5 oxidation state in all
anodization potentials in all pH solutions. [63] A new Kar-Liang diagram is to be
devised which takes into account the effects of mechanical force on the chemistry and
electrochemistry of tantalum. This will help to better understand the non-equilibrium

processes of tantalum thus helping in industrial applications.
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For experimental purposes both tantalum bulk and tantalum wafers were used.
Tantalum disk was obtained from Goodfellow with a purity of 99.99% wt. The sample
disk was firstly cleaned using acetone, isopropanol, and deionized water after polishing
on a 800-1200 grit sand paper. Tantalum wafers have been also used in experiments
related to generation of Kar-Liang diagram. The tantalum wafers were provided by Intel.
3.1.2 Solvents

As stated in Chapter I the dissertation involves the study of chemical-mechanical
and electrochemical-mechanical polishing of tantalum. Hence different solvents are used
to facilitate the polishing process. The solvents and their concentration have been chosen
based on the standards used in CMP industry.[60] The properties on the basis of which
the three different solvents have been chosen in order to better understand the mechano-
chemical reactions of tantalum are enumerated in this section as follows:
3.1.2.1 Hydrogen peroxide (H,0,)

Hydrogen peroxide has been chosen as one of the solvents due to it being an
oxidizing agent. It has a high oxidizing potential of 1.8 V which is higher than that of
potassium permanganate at 1.7 V and chlorine at 1.4 V. [64] Hydrogen peroxide also
easily decomposes in water to form water and oxygen.[60] This property is particular
useful in oxidation reaction of the tantalum surface.

Hydrogen peroxide 35%wt was obtained from Sigma Aldrich. In experiments the
stock solution was diluted to 5% wt and had a pH of 4. The 5% wt was chosen as it is the

standard used in preparation of commercial slurries for CMP industry.[65]
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3.1.2.2 Acetic acid (CH3;COOH)

Acetic acid was chosen as one of the solvent as it is used in post-CMP cleaning
process. Acetic acid is a good corrosive agent and effectively removes the surfactant
molecules in post-CMP cleaning. [66] Moreover acetic acid is also a good reducing
agent. It is also used as a complexing agent in the slurry used in post-CMP cleaning.

Acetic acid stock solution was obtained from EMD Chemicals. The stock
solution was diluted to 0.13 M as it was the standard used in preparation of commercial
slurries for CMP industry.
3.1.2.3 Deionized water (H,0)

Deionized water was used as a control in the experiment. Also deionized water
has been used in CMP and ECMP processes for two decades to make atomically flat
surfaces. [66] Moreover for Pourbaix diagram studies deionized water is essential as the
+5 oxidation state in anodization potential is stable at a wide range of pH in water.

Deionized water was obtained from deionized water filter in Department of
Physics, Texas A&M University, College Station.
3.1.2.4 Potassium chloride (KCI)

Potassium chloride is used as a conducting salt in the electrolytic solution.
Deionized water is saturated with KCIl making it more conductive in ECMP experiments.

KCI was obtained from EMD Chemicals of GR grade for the experiments.
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3. 2 Experimental setup

As stated earlier the nature of the work of this research can be classified into two
fields — A) triboelectrochemistry and B) tribochemistry. But both works are unified in
the theme of investigation of interaction of oxygen containing molecules with transition
metal in this case tantalum under mechano-chemical conditions.
3.2.1 Tribochemistry set-up

The tribochemical setup facilitates the chemical mechanical polishing of
tantalum. As schematic is shown in figure 3.2 in which the CSM tribometer is modified
to mimic a polishing apparatus. A polymer shaft holds the working surface which is the
tantalum piece. A polyethylene pad is used as the polishing pad. The whole setup is
immersed in the desired electrolytic solution. The resulting friction is measured in the
computer console. A rotating motion is applied. The tantalum piece remains static
whereas the polishing pad rotates. In the next section we shall discuss the

triboelectrochemical set-up.
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Figure 3.2: Schematic showing the tribochemical set-up for bulk tantalum polishing.

3.2.2 Triboelectrochemistry set-up

The system setup is shown in figure 3.3 consisting samples and electrodes. The
insert on the right of figure 3.3 illustrates the interface of the test sample and its rubbing
partner, a polymeric polishing pad. Sliding direction is shown with arrows. The sliding
speed, down force, and electrolyte can be varied with as desired. This technique enables
us to quantify the amount of input mechanical energy with controlled electrical potential
and pH values.

Figure 3.3 shows a three-electrode system that is employed to perform the
potentiostatic 3-electrode electrochemical reactions. There is a potentiostat, a polymer

shaft (1), test sample (2), reference electrode (3), counter electrode (4), and a polymer
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pad (5). The workpiece is tantalum. The shaft connected to the tantalum that slides
against the polymer pad at a desired speed under a fixed applied load. The tangential
force is generated and recorded. The tantalum (2) is the working electrode and is
attached to a polymer shaft (1). The tantalum sample is wired and connected to the
reference calomel electrode (3). The counter electrode is made of a platinum wire (4).
The wire around the tantalum sample is protected with epoxy resin. The mechanical
polishing of the tantalum sample was done on a Sepharidim™ fluorescent yellow
polishing pad (5), made of fiber reinforced polyethylene. The polymer pad has been

chosen due to its stability.
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Figure 3.3: Illustration of the test setup used to apply a controllable mechanical force on
a bulk tantalum.
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The tantalum is pressed and slide against a polymeric polishing pad. The applied
force is controlled and the sliding force (frictional force) is measured through a force
sensor. A potentiostat used as a power supply is attached to the mechanical system.
Alternation of chemical solutions (electrolyte) and application of electrical potential will
allow variety chemical and electrochemical reactions of tantalum and its environments.

A schematic of the actual set-up is shown in figure 3.4.

Polymer Shaft __

Normal Load

Platinum Counter Electrode [

Computer Console

Figure 3.4: A schematic of the triboelectrochemical setup for polishing of bulk tantalum.

The frictional behavior was in situ monitored reflecting any surface changes. As
soon as there is phase change on the application of potential it is immediately detected as
co-efficient of friction change on the monitor. The kinetics of the phase change can also

be roughly predicted through this system.
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3.2.3 Triboelectrochemistry set-up for experiments on tantalum wafers

The schematics in sections 3.2.1 and 3.2.2 show the experimental set up devised
for the polishing of bulk tantalum. However tantalum wafers are flat rectangular pieces
and in order to perform any electrochemical-mechanical polishing on them changes have
to be made in the design of the experiment.

The wafers were wired up first using a conductive resin and then putting a water
proof resin on the top of the conductive resin. Instead of the polishing pad in this set up
the wafer was used as the base. The polymer pad was cut in 2cm” in length and attached
to the polymer shaft. A reciprocal sliding motion was employed in order to conduct the
electrochemical measurement. This setup enables study in electrochemical-
mechanical/mechanical experiments of tantalum in different solutions. A schematic of
the setup is shown in figure 3.5.

Figure 3.5 shows a three-electrode system that is employed to perform the
potentiostatic 3-electrode electrochemical reactions . There is a potentiostat, a polymer
pad (2), reference electrode (3), counter electrode (4), test sample (5), and a polymer
shaft (5). The work piece is tantalum. The shaft connected to the polymer pad that slides
against the tantalum wafer at a desired speed under a fixed applied load. The tangential
force is generated and recorded. The tantalum (5) is the working electrode and is
attached to a polymer shaft (5). The tantalum sample is wired as mentioned earlier and
connected to the reference calomel electrode (3). The counter electrode is made of a

platinum wire (4). The mechanical polishing of the tantalum sample was done on a
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Sepharidim™ fluorescent yellow polishing pad (2), made of fiber reinforced
polyethylene. The polymer pad has been chosen due to its stability. Time was also kept
as a factor. Once experiment was performed the samples were analyzed. The same
samples were again analyzed after a period of 2 days i.e. 48 hours.

There are two main differences in the setup for polishing a tantalum wafer and a
setup for polishing a bulk tantalum. First in case of polishing of bulk tantalum circular
sliding motion is employed whereas in case of polishing of tantalum wafer a sliding
reciprocal motion is employed. Secondly in case of polishing of bulk tantalum, the
working electrode i.e. the tantalum is the static partner but in case of polishing a

tantalum wafer it is the polishing pad which is the static partner.
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Figure 3.5: Illustration of the test setup used to apply a controllable mechanical force on
a tantalum wafer.
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3.3 Experimental conditions

The section highlights the experimental conditions employed to study the
mechano-chemistry of tantalum. The experimental parameters and the reason for their
selection are discussed. The reason for the selection of three solvent systems for
investigation of the mechano-chemistry of tantalum has already been discussed in
section 3.1.2. In this section each of the experiments performed based on the solvent
used is enumerated. Tables are generated to explain the conditions investigated in a clear
manner. Reference samples were bulk tantalum as received from Good Fellow and
tantalum wafer as received from Intel.
3.3.1 Experimental conditions under 5% wt hydrogen peroxide solution

A set of two experiments were formed in an electrolytic solution of 5% wt

hydrogen peroxide solution. Table 3.1 shows the experimental conditions employed.

Table 3.1: The experimental conditions used in 5% wt H,O, solution

Solvent used Potential applied Speed Load

n/a 0.5 cm/sec IN
5% wt Hydrogen Peroxide

(pH 4) +24V 0.5 cm/sec 1N
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3.3.2 Experimental conditions under 0.13 M acetic acid solution

A set of two experiments were formed in an electrolytic solution of 0.13 M acetic

acid solution. Table 3.2 shows the experimental conditions employed.

Table 3.2: The experimental conditions used in 0.13 M acetic acid solution

Solvent used Potential applied Speed Load

n/a 0.5 cm/sec 1N
0.13 M Acetic acid

(pH 3) +24V 0.5 cm/sec 1IN

3.3.3 Experimental conditions under deionized (DI) water
A set of two experiments were formed in an electrolytic solution of DI water
saturated with potassium chloride (KCl). Table 3.3 shows the experimental conditions

employed.
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Table 3.3: The experimental conditions used in DI water saturated with KCI

Solvent used Potential applied Speed Load
n/a 0.5 cm/sec IN
DI water saturated with
KCl +24V 0.5 cm/sec IN
(pH 6)

In tables 3.1, 3.2 and 3.3 it is observed that primarily two types of experiments
have been performed. One is the mechano-chemical experiment in which no potential is
applied and the other is the electrochemical-mechanical experiment in which a potential
of +2.4 V is applied. The potential of +2.4 V is chosen as it was at this point that a
dramatic increase in the co-efficient of friction data was observed in case of 5% wt
hydrogen peroxide solution. The electrical potential of +2.4 V was chosen according to
the equilibrium Pourbaix diagram where the Ta +5 state existed otherwise. It was kept
constant in case of all other solvents for a uniform comparative study. The speed is kept
at 0.5cm/sec and the load is kept at 1 N. This is because too high a speed or heavy a load
has the probability to wear off the oxide film formed on the tantalum surface. The pH of
the solutions is measured after preparation as shown in the tables.

The frictional behavior was in situ monitored reflecting surface changes. Electric

potential was applied on the tantalum after a stabilized friction coefficient was achieved.
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The friction experiments were carried out with the Ta disk sliding against a rotating
polishing pad or the polishing pad sliding against the wafer.
3.3.4 Experimental conditions for studies on Pourbaix diagram

As a part of the process to understand the stability of +5 oxidation state in non-
equilibrium conditions under mechanical force, a series of experiments were performed
under various pH conditions. The pH solutions were adjusted with sulfuric acid and
potassium hydroxide of different molarities. Time was also kept as one of the parameters
in the experiment to understand the stability of the sub oxide states generated in
tantalum. Table 3.4 represents the experimental conditions under mechanochemical

parameters. No potential is applied.

Table 3.4: The experimental conditions used to generate Kar-Liang diagram in 0 V

Solvent used | Time (hrs) pH Load Speed
0 1 I N 0.5 cm/sec
DI water 0 7 I N 0.5 cm/sec
saturated in 0 10 I N 0.5 cm/sec
KCl 48 1 I N 0.5 cm/sec
(0V) 48 7 I N 0.5 cm/sec
48 10 I N 0.5 cm/sec
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Table 3.5 represents the experimental conditions under -electrochemical-
mechanical parameters. Potential is applied is +2.4 V. The reason for the choice of the

particular potential has been explained in section 3.3

Table 3.5: The experimental conditions used to generate Kar-Liang diagram in
+2.4V

Solvent Time (hrs) pH Load Speed
used

0 1 I N 0.5 cm/sec
DI water 0 7 I N 0.5 cm/sec
saturated in 0 10 I N 0.5 cm/sec
KCl1 48 1 I N 0.5 cm/sec
(+24V) 48 7 1 N 0.5 cm/sec
48 10 I N 0.5 cm/sec

The pH 1, 7 and 10 were chosen to test the highly acidic, neutral and highly basic
conditions and their effects on tantalum under mechanical and electrochemical-

mechanical parameters.

3.4 Characterization techniques
Two main characterization techniques are used to understand the chemical
changes on the tantalum surface as a result of the application of mechano-chemical and

electro-chemical-mechanical energy. One is the atomic force microscopy (AFM) to
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understand and detect the phase changes. The other is the X-ray photoelectron
spectroscopy (XPS) to understand and detect the change in oxidation states on the
tantalum surface due to the effects electrochemical-mechanical energy.

3.4.1 Atomic Force Microscopy (AFM)

Atomic Force Microscope (AFM) was invented by G. Benning and C.F. Quate in
1986. [67] It completely changed the way scientists studied surface science and brought
micro level analysis to nano-level. The instrument design was based on Scanning
Tunneling Microscope (STM) and the stylus profilometer. The advantage of AFM is that
it can create three dimensional images of high precision of the surface topography of a
given specimen. With the help of AFM surface features with dimensions of a few
nanometers can be measured. A magnification of 1,000,000X [68] can be achieved
because of AFM hitherto not possible.

The AFM images the surface topography by raster scan. The probe generally
used is a single crystal silicon. A laser beam is incident on the cantilever on which the
probe is mounted. As the probe scans the incident laser beam is deflected to the photo
detector and image is observed. With the help of AFM surface phenomena such as
adhesion, friction, phase distribution, wear, hardness, etc. can be studied.

There are two modes of operation in AFM. One is the contact mode and the other
is the non-contact mode. In contact mode the AFM tip scans on the surface thus giving a
topographic feature of the specimen. Friction (lateral force) can be measured with the
help of contact mode. In case of non contact mode the probe feels the change in

electrostatic forces of attraction or repulsion as it rasters across the topography of the
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specimen and registers the image. For our experiments we used the non-contact mode in
order to detect phase changes due to application of mechano-chemical or electro-
chemical-mechanical forces. Figure 3.6 shows a commercial AFM whereas figure 3.7
shows the differences between a non-contact mode AFM and a contact mode AFM. An

example of a non-contact mode AFM image is also shown in figure 3.8

Figure 3.6: A commercial AFM (Pacific Nanotechnology Incorporated) from Dr.
Liang’s surface science and interface laboratory. [69]
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Figure 3.7: Atomic Force Microscopy (AFM) a) contact mode and b) non-contact mode.
[69]
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Figure 3.8: Non-contact AFM image of a polished Al surface. Left image showing
topographic features and right image showing phase image. [69]

3.4.2 X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is used for oxidation state detection as

well as elemental percentage detection in a wide variety of samples which includes
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metals, polymers, ceramics, semi-conductors and biological materials. The specimen can
either be solid, liquid or gaseous. [8] R.G. Steinhardt et al reported the first work on XPS
on the detection of physical and chemical properties of a surface specimen. [70] K.
Seigbahn made significant contributions in the development of XPS and was awarded
the Nobel Prize for Physics in 1981 for this invention of his. XPS is also known as

Electron Spectroscopy for Chemical Analysis (ESCA). [71][72]

The specimen surface is irradiated with monochromatic soft X-rays under high
vacuum. The electrons emitted by the surface atoms are then detected. The output signal is
plotted as a function of number of emitted electrons with either binding energy or kinetic
energy. Due to electrons being emitted from specific orbital every element has a fingerprint
spectrum. Through standardized handbook it is possible to identify the elements and their
oxidation states by studying the peak shifts. Quantitative analysis of elements is also
possible by measuring peak areas [73], [74]. A commercial XPS instrument is shown in

figure 3.9 and a specimen XPS raw peak of tantalum is shown in figure 3.10.
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Figure 3.9: A Kratos Imaging X-ray Photoelectron Spectrometer in Materials
Characterization Facility. [69]

The following figure 3.10 shows the raw peaks of tantalum pentoxide and
tantalum suboxide. The shift in peak indicates a change in the stoichiometric ration of

tantalum and oxygen.
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Figure 3.10: XPS raw specimen peaks of tantalum pentoxide and tantalum suboxide.

A Kratos Axis Ultra Imaging X-ray photoelectron spectrometer (XPS) with the
spherical mirror analyzer was operated at a base pressure of 10" Torrs for all the
esperiments performed. Mg Ko X-ray radiation (1253.6 eV) at a power of 350 W was
used. The number of cycles per experiment was 3. All binding energies have been
recalibrated for sample charging effect with reference to the C 1s line at 284.0 eV. The
XPS peak areas and peak decomposition were determined by using the software
XPSPEAKA4.1. The line shapes of Ta 4f provide information about the chemical bonding
environment. Fitting the peak to suitable functions allows the bonding information to be
extracted. The curve fitting was done using XPSPEAK 4.1 software, with Newton’s

iteration method and 200 iterations.
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In the following chapters we will look into detail the results of the various
experiments performed. A new theory will be put forward for mechano-chemical

equations and a non-equilibrium Kar-Liang diagram will be generated based on the

findings.
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CHAPTER IV

MECHANO-OXIDATION OF TANTALUM*

Industrial processes such as polishing and planarization utilize mechanical forces
to make smooth surfaces.[7] In different chemical environments, mechanical forces can
result unique chemical reactions.[9],[44],[75],[76]1,[771,[78],[79],[80] Among those
reactions, mechanical-force-related metal oxidation is not found in chemistry textbook.
Understanding fundamental issues of metal-oxides, such as metal-insulator transition,
would enable us to design photovoltaic devices, gas sensors, microelectronics, and
corrosion protection devices. [81], [82]

As discussed in the experimental section of Chapter III, we assembled a system
that is able to generate, monitor, and evaluate oxidation states of metals in situ, through
an electrochemical-mechanical approach. The system is similar to what has been used
for tribocorrosion study [83], [84]. The observation of controlled oxidation enables us to
study the kinetics of the process and monitor any phase changes. The system setup is
described in details in chapter III in test-setup section (3.2).

The objective of investigation described in this chapter is to study a different type
of oxidation, mechanical-force assisted passivation. Experimental approaches used here
is to use electrotribochemistry to monitor the mechano-chemical effects of oxidation of

tantalum surface. Results are discussed in the following.

*Oxidation of Tantalum by Mechanical Force, P. Kar, K. Wang, H. Liang
(Electrochemical and Solid-State Letters, 2008, Volume 11, Number 2, in print).
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4.1 Frictional behavior

Friction experiments were performed in a 5%wt H,O, electrolyte. There are total
2 types of experiments that were conducted. The first experiment was conducted without
applying an electrical potential between tantalum and platinum electrodes. A load was
applied to the Ta. The sliding motion generates a tangential force, i.e., friction. A
constant friction coefficient is shown in figure 4.1. The test duration was 15 minutes
when friction was stabilized.

The friction coefficient p, is defined as the ratio of the tangential force F; divided
by the applied normal force Fy, i.e., p = F/Fx. In the second experiment, a potential of
2.4 V was applied after 9 minutes at which time the friction coefficient jumped as shown
in figure 4.1. The increase in friction stabilized after about 5 minutes. The load and
velocity remained the same in both experiments. The experiment was repeated 3 times
and found to give repeatable results with increase in friction with the increase in
potential. In order to generate a reference sample, the third experiment was conducted
with a potential of +2.4 applied without any mechanical force. The sample surface

generates the thermodynamically stable state of oxide, Ta,Os. It is used as the reference.
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Figure 4.1: Friction coefficient of tantalum sample in 5% wt hydrogen peroxide. When
an electrical potential was applied at 9 minutes, there was a jump in friction.

Sample surfaces were afterwards analyzed with an atomic force microscope
(AFM). The phase images are shown in figures 4.2a and 4.2b. The left figure (4.2a) is
the surface image taken before and the right (4.2b) being after electrochemical-
mechanical experiment. The color intensity presents the distribution of different phases
through phase imaging. After test the phases shown are uniformly distributed in the area
scanned. As shown in figure 4.1, the initial friction of both samples was the same. With
an applied +2.4 volt, the friction increased and then stabilized at around 0.3. Correlating
friction with the AFM phase images in figures 4.2a and 4.2b, the fact of having a high
friction with uniformed phase distribution indicates the dominating factor being surface

chemistry.
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Figure 4.2: AFM images of tantalum sample surface before (a) and after (b) electro-
mechanical experiments. Comparing with pre-surface (a), the Ta surface after test was
smooth with uniform phases distributed in the sample. The phases are Ta and its oxides.

The X-ray photoelectron spectroscopy (XPS) identified the oxides on the sample
surfaces. Dr. Liang’s Surface Science Laboratory has in the past reported effects of
friction on oxidation of Cu during polishing [85],[66],[86],[87] and on phase
transformation of ice.[88],[89] The present work reports the friction-induced unique
oxidation of tantalum that widens our understanding in the non-equilibrium state of

substances.

4.2 Meta-stable oxides of tantalum

The X-ray photoelectron spectroscopic peaks are shown in figure 4.3. Figure 4.3a
shows three samples having different peaks. Samples are labeled by their test conditions.
The oxide state will be discussed later. The arbitrary unit (y-axis) is used here in order to

compare the binding energy (x-axis). The arbitrary unit (y-axis) is used here in order to



46

compare the binding energy (x-axis). Figures 4.3b-4.3d are deconvolution of those three
original peaks. Figures 4.3b is for the sample being tested with friction and electrical
potential. Four large and four small peaks exist. Within the binding energy of 26 and 28
eV, 4fs;, and 4f;, +5 oxidation state Ta peaks were found that have been reported as
pentoxide.[61] Comparing other oxide peaks with published data,[90] the peaks around
25 and 27 eV are + 4 and + 3 fs;; and f;, peaks respectively. These peaks are strong ones.
At lower bending energy area (20 — 23 eV), the + 2 and + 1 peaks exist. According to
published data, the binding energy of metallic Ta is in the range of 20 eV to 23eV.[90]
Among all peaks, there was no metallic Ta shown. Figures 4.3d is for the reference
sample (as cleaned). Results showed two characteristic peaks Ta;Os. For 4fs;, and 417,
peaks, the binding energy is in the published data. It is known that the fully oxidized
stoichiometric Ta;Os has two associated peaks at around 26 and 29 eV.[90] This was
seen in the reference sample in Fig. 4.3d. As noted that the reference sample was
processed without mechanical force. Comparing with other two samples where friction
was applied, it is clear that friction induces a peak shift. The shift direction depends on
the chemical environments.

Figure 4.3a as mentioned earlier shows the raw XPS data of the three conditions.
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Figure 4.3a: XPS spectra of Ta sample surfaces obtained after immersion in 5%wt H,O,
solution with friction and electro potential; friction only; and electro potential only.
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Figure 4.3 b shows friction and electrochemical conditions combined.
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Figure 4.3b: Deconvoluted Ta 4f XPS envelope obtained from the Ta surface after
immersion in a solution with 5%wt H,O, with both friction and electro potential.
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Figure 4.3c shows friction only conditions.
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Figure 4.3c: Deconvoluted Ta 4f XPS envelope obtained from the Ta surface after
immersion in a solution with 5%wt H,O, with friction only.
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Figure 4.3d shows the reference sample subjected to only electrochemistry.
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Fig.4.3d: Deconvoluted Ta 4f XPS envelope obtained from the Ta surface after
immersion in a solution with 5%wt H,O, with electro potential only.

In the case of suboxides, they were found to coexist with Ta,Os. Comparing the
tantalum XPS peaks representing the three samples obtained under different process
conditions, it is evident that different tantalum oxides appeared from different
conditions. Primarily it is observed that Ta™' state is present during the application of
electro-chemical mechanical energy whereas it was not observed when only mechanical
energy is applied or when the sample is subjected to electrochemical energy only. With
friction force, Ta™, Ta", Ta™ were formed. With friction and electrical potential, Ta'!,

Ta™, Ta™, Ta™ were found. With electrical potential only, the equilibrium Ta™ was
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found, as for the reference sample. These results prove that frictional force, i.e., surface
tangential force, induces non-equilibrium tantalum oxides.

It is noted that the hydroxyl peak was not found in our experiments. Comparing
with oxide peaks, they were too weak to be detected. The table 4.1 below summarizes

the findings of the XPS data.

Table 4.1: Samples subjected to mechano-oxidation and products yielded

Sample Potential Speed Load Product
+2.4 0.5 cm/sec IN Ta+1, Ta+2, Ta+3,
Ta+4, Tat+5
Tantalum
i (Sample 3b)
5% wt
hydrogen n/a 0.5 cm/sec IN Ta+2, Ta+3, Tat+4,
peroxide
Ta+5
(Sample 3c¢)
+2.4 n/a n/a Ta+5
(Sample 3d)
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4.3 Sub-oxide film thickness

The thickness of sub-oxides was measured using the AFM. An interface of
reference sample and the tested surface was generated using a mask technique. Details
about this technique have been reported by Dr. Liang’s group.[89] A brief description of
the procedure is described here. The oxide thickness information is necessary for reliable
surface analysis. The film needs to be thick enough so that the XPS analysis detects
sufficient information.

In the experiment, a portion of the sample surface was masked so that this part
surface is not exposed to the chemical environments. The unmasked surface was then
subjected to both tribochemical and electrotribochemical reactions. After experiments,
the mask was taken off so that the original surface appears. AFM scanning was then
conducted across the interface of the original and unmasked areas. Figure 4.4a shows the
interface region where tribological experiment was performed in conjunction with
reference surface. Figure 4.4b shows the interface region where electrotribochemical
experiment was performed in conjunction with the reference surface. The bright region
is the oxidized layer whereas the relatively darker region is the masked area. Both in
figures 4.4a and 4.4b the line scan is diagonal The difference of the height across the
interface is the height reduction or addition, as shown in figure 4.4. A line normal to the
two parallel diagonal lines is then drawn to measure the average peak to valley depth. It

is than compared with the reference sample to compare the thickness of the film.
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Figure 4.4a: Line analysis of the AFM topography showing tantalum surface original on
right side and tantalum surface unmasked and exposed to tribological mechanism on left
side.
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Figure 4.4b: Line analysis of the AFM topography showing tantalum surface unmasked
and exposed to electro-tribological mechanism on right side and original tantalum
surface on left side.

The oxide thickness of the sample prepared through pure mechanical polishing was
about 250 nm while for that of electrochemical-mechanical was around 215 nm. It has
been reported that the thickness of the native oxide of tantalum is around 2-3 nm
[91],[92],[93],[94] As mentioned earlier, the test duration for both samples was not the
same in order to compare the change of friction due to applied potential. This would not

affect the thickness measurement as the initial mechanical force duration was same. On
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anodization due to release of oxygen molecules, greater friction leads to thinning of the
film. The graphical representation figure 4.5 below gives a visual comparison of the

thickness of the different films formed along with their standard deviations.

Film Height
-

elecirochemical

mechanical

Figure 4.5: The average film thickness along with the standard deviation in data analysis
for different conditions used in film measurement.

The difference of thicknesses is thus apparently due to the kinetics of oxidation
that will be discussed in the following chapter. The friction-induced oxidation is proven

in this work.
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4.4 Non-equilibrium oxidation mechanisms

There are two possible mechanisms of the formation of non-equilibrium tantalum
oxides. One is oxidation of the Ta surface due to friction; the second is the conversion of
the Ta,Os to its sub-oxides. As noted that the Ta"' has the least binding energy
comparing with other oxides. It is the least stable oxide. The energy needed to
decompose the equilibrium state tantalum pentoxide to Ta"' is larger than the Gibbs
energy to oxidize Ta. Detailed discussion is given later. Therefore, it is energetically
favorable for Ta to be oxidized to form Ta,O rather than get decomposed from the stable

Ta" state. This was further proved by our experiments. The formation of Ta''

only
occurred when an electrical potential applied (along with friction). The Ta" was
developed from the Ta metallic surface. The possible electrochemical reactions can be
written as follows:
2 Ta+ H,O= Ta,0+2H" +2 ¢ (for formation of Ta,0) (1)
Reaction (1) occurs under non-equilibrium conditions due to mechanical forces.

They can be summarized in the following form:

AH e = AHTano —nAH,, (2)

The AHng is the total energy needed to form tantalum oxides in this non-equilibrium
process, while AHrso and AHr, are Gibbs energy for Ta,O and Ta. This formula
indicates that there was an extra energy needed for the formation of sub-oxides. The
extra energy can be calculated. The energy difference is induced by applying mechanical

forces and electrical potential. It can be expressed by:

AH.e —AH. =AH, £AH,_ 3)
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The AHg is the total energy to form Ta,Os through the equilibrium process, AH, is the
energy induced by mechanical force, and AHe.. is that of electrical potential. The positive
and negative signs indicate the direction of current through the working electrode,
tantalum. The change in energy on the left of equation (3) is attributed to the mechanical
energy and electrical potential applied. The mechanical energy is affected by the
bonding strength of Ta-O. Figure 4.6 summarizes the effects of friction and electrical
potential on tantalum oxides highlighting the major difference between the two
conditions — with Ta"' state absent in the mechanical force only condition and present in

the electrochemical-mechanical condition.

Friction

I / E-Potential

Friction Friction +Friction

Ta,0 + Ta,0q

Figure 4.6: A schematic summary of experimental results showing atomic structures
obtained through different experimental conditions.
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Figure 4.7 exhibits the relationship between the binding energy (from Figure
4.3) and the stoichiometic ratio of tantalum oxides. Three oxides with distinguished
crystal units are shown. The lower the stoichiometric ratio between tantalum and
oxygen, the lower is the binding energy. The transition between Ta,Os and TaO or Ta,O

requires sufficient external energy to activate change, as indicated by down arrows in

Figure 4.6.
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Figure 4.7: The three found tantalum oxides with their stoichiometric ratio and crystal
structure. The associated mechanical energy is shown by arrows.

A question that arises is how much was the mechanical energy that was supplied
to the process and was it sufficient enough to cause rearrangement of atoms to give
metastable states of tantalum. The sliding speed was 0.5 cm/sec and the applied load was

1 N. The frictional energy rate (energy per unit time) is calculated as E¢= psNev, where
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u is the friction coefficient, N is the applied load, and v is the sliding speed. According
to our experimental condition, there was 1.5¢10~ Nm (6.24+10"® ¢V) amount energy was
introduced to the system through friction per second. Considering the number of
tantalum and oxide atoms on the sample surface, the amount of mechanical energy is
overwhelming compared the binding energy of tantalum oxides. It means that there is
more than enough mechanical energy to trigger the change of tantalum oxides. The
mechanical contact stress can be estimated using the basic contact theory (non-sliding)
[95] and the representation of a plastic deformation zone (sliding).[96] During sliding,
the contact stress is compressive at the front of a slider and tensile at the end of it. The
surface and near surface atoms react corresponding to the stress and at certain moments,
the inter-atomic bonds are stretched and others compressed. Figure 4.8 gives a molecular
level schematic of the process that takes place to yield the sub-oxides on application of

mechanical force.

Metal Down force

N

Polishing Pad

Figure 4.8: The effects on metal-polishing pad interface at molecular level due to
mechanical stress.
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A simple calculation (pages 55-56) of frictional energy introduced during sliding
has shown that the mechanical energy is much higher than the energy for chemical
reactions. With types of oxides detected, we are able to compare binding energy and
crystal structures, as shown in figure 4.7. The equilibrium Ta;Os is thermodynamically
stable. The sub-oxides such as Ta™' and Ta™* were formed due to mechanical swiping, as
shown by the grey arrows.

In our first test where mechanical force was applied alone, the resulting oxides
were Ta+2, Ta+3, and Ta™. In the chemical environment, Ta,Os was formed. This
apparent contradiction can be explained from the fact that due to mechanical force, the
reaction equilibrium of Ta shifts towards the meta-stable states instead of Ta;Os_ In case
of electro-mechanical condition, the Ta"'was formed apart from Ta+2, Ta+3, Ta™. Due to
electrochemical potential application in addition to mechanical force a still lower
oxidation state of Ta was obtained.

There is another possible mechanism for the observed phenomenon. It has been
reported that under compressive applied forces, the inter-atomic distance of solids
decreases, this leads to greater overlap of wave functions resulting decreased band gap.
[9] Similarly, a tensile force increases the band gap.[12],[57] As noted earlier that the
band gap can be changed due to stress as seen in change in electrical properties of
carbon nanotubes on stress, [97], and in semi-conductors [98], [99]. It is possible that the
mechanical force compresses the band gap in Ta)Os in order to form Ta,O. The

investigation of this plausible mechanism can be done in future studies. A schematic of
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the possible mechanism as proposed above is shown in figure 4.9. This hypodissertation

will be studied in future.

Force

Band Gap
Mechanical Force

>

Figure 4.9: The plausible theory put forward for formation of Ta,O involving band-gap
reduction due to mechanical stress.

In addition, an interesting finding of our results is the existence of all forms of
suboxides, Ta'!, Ta™, Ta", Ta™ and Ta"™ in the case of electrochemical-mechanical
interaction; while only Ta™, Ta", Ta™ and Ta" were found in the case of mechanical
rubbing only. The Ta™, Ta™ have higher intensity as seen in XPS as compared to Ta".
These oxidation states were proven to be the intermediates formed during the mechano-
oxidation process. The high intensity of the Ta” and Ta™ suboxide peaks shows the
dynamic equilibrium process. Also among all the metastable forms the Ta™ and Ta™
are energetically more favourable to form under non-equilibrium conditions. This is

another reason for the high intensity of the Ta™ and Ta™ peaks. The main distinguishing
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feature between electrochemical-mechanical reaction and mechanical reaction is the

absence of Ta'! in the latter. The reason thereof has been described earlier.

The reactions can be summarized as follows:
B — gl — Sl — Sl — SUG

The least stable Ta,O could revert back to be more stable. The existance of
intermediate sub-oxide products Ta™, Ta", and Ta™ is an indication. This means that
the mechanical-oxidation is a continuous dynamic and non-equilibrium reaction process
which reverts back and forth between the equilibrium and non-equilibrum states.

Overall, the interactions between mechanical forces, electrical potential, and
sample surfaces resulted into different types of tantalum oxides. The mechanical force,

that was applied to the tantalum surface in the present study was frictional force.

4.5 Summary

We used an in situ technique to generate non-equilibrium tantalum oxides with
assistance of mechanical forces. Using this technique, controlled mechanical forces and
electrical potential were applied to a tantalum surface. The mechanical force was applied
as the surface tangential force, i.e., friction, promotes the formation of tantalum
suboxides, Ta,0O, TaO, among others. Those two oxides were the least stable ones under
their unique experimental conditions. Our investigation advanced previous reported

electrochemical and corrosion study using a simpler setup. The alteration of oxidation
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was in addition achieved with an applied electrical potential in 5% H,O, solution.
Analysis indicates that the formation of suboxides were from Ta surface. There is
another plausible mechanism of some of the Ta™ reverting to lower oxide forms by band
gap compression. It however needs further investigation as mentioned earlier.The native
tantalum oxide was cleaned through mechanical sweeping. The setup we used is useful
for discovering new chemical reactions activated by a controlled external force. Results
obtained here are beneficial for understanding electrical-chemical-mechanical polishing
(ECMP), an important process step in microelectronics industry today. This study of

oxidation of tantalum under mechanical parameters is first of its kind.
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CHAPTER V

MECHANO-KINETICS OF TANTALUM*

Non-equilibrium processes result in the formation of unique meta-stable products
that are not found under equilibrium conditions. In the previous chapter we have
discussed about the mechano-oxidation of tantalum. We found that in 5% wt hydrogen
peroxide in both mechanical and electro-chemical-mechanical conditions, tantalum
forms sub-oxides. The next goal is to understand the kinetics of the mechano-chemical
reactions of tantalum. This is achieved by using a series of electrolytes of different pH
and comparing their friction coefficients. Also comparison of the products formed also
gives an idea on the synergic effects of mechanical and chemical energy in driving the
kinetics of the equation.

Towards the end of this chapter we propose a modified Arrhenius-Eyring
equation which we termed as Kar-Liang equation in which the mechanical factor was
considered. We found that the mechanical energy induced the non-stable state reactions
leading to metal-stable oxides. This equation can be used to predict mechano-chemical
reactions that are important in many industrial applications.

As mentioned in chapter II and chapter V, mechanochemical reactions have been
reported in literature [9],[441],[75]1,[76]1.[771,[78],[79],[80]. However there is a lack of

understanding of the dynamic and reaction kinetics in the field of mechanochemistry.

* Force Dominated Non-equilibrium Oxidation Kinetics of Tantalum, P. Kar, K. Wang,
H. Liang (accepted Electrochimica acta, 2008).
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The present study investigates the oxidation behavior of tantalum under mechanically-
activated non-equilibrium conditions. This study is helpful in understanding the reaction
kinetics of transition metal surfaces under working conditions.

As stated earlier tantalum exists in +5 state under all pH in equilibrium
conditions. [63] Tantalum also exists in the energetically favorable oxidation states of
+1, and +3 [100]. The formation of stable tantalum oxide has been reported using
different methods — primarily CVD (Chemical Vapor Deposition)[101], APCVD
(Atmosphere CVD)[102], LPCVD (Low Pressure)[103], RT-LPMOCVD (Rapid
Thermal Low Pressure Metal-Organic CVD)[104], MOCVD (Metal-Organic
CVD)[105], Liquid Source CVD[106], Sputtering[107], Pulse Laser Ablation[108] and
Anodization[62]. A standard method for producing meta-stable oxides of tantalum has
not been reported. In mechano-chemical processes the reactants are subjected to physical
parameters such as friction and pressure. This mechano-activation of bonds yields
metastable products as illustrated in chapter IV and published by Kar et al in
Electrochemistry Solid State Letters. [109]

This research focuses on understanding mechano-oxidation mechanisms. We
apply a synergetic approach combining electrochemical and mechanical impacts to
manipulate, observe in situ, and characterize connecting interfaces. Fundamentally, we
focus on the mechanisms of mechano-activated oxidation process. Doing so, we will
firstly develop process to generate such oxides; and secondly, we will study the
mechanisms of the formation process. Specifically, this chapter concentrates on the

anodization procedure for the formation of oxide films of tantalum using potentiostatic



conditions. The oxidative environment under deionized water with KCl will be
compared with a corrosive environment of acetic acid solution. Potentially, the anodic
films formed have good insulating properties.[110] This helps to understand the
oxidative and corrosive process in tantalum under electro-mechanical parameters. The
understanding is beneficial to the process of chemical-mechanical polishing, a standard

step for making integrated circuits. The table 5.1 shows the samples used for the study of

mechano-oxidation kinetics.

Table 5.1: Summary of samples and corresponding test conditions

Samples Potential | Load Speed
1) Reference Ta sample n/a n/a n/a
2) Ta in acetic acid (0.13 M) +2.4V IN 0.5 cm/sec
3) Ta in deionized water with KCl | +2.4 V| IN 0.5 cm/sec
4) Ta in acetic acid (0.13 M) +24 V n/a n/a
5) Ta in deionized water with KCl | +2.4 V n/a n/a
6) Ta in acetic acid (0.13 M) n/a IN 0.5 cm/sec
7) Ta in deionized water with KCl | n/a IN 0.5 cm/sec




66

As mentioned in chapter III water was used as a control medium. The KCI was
added to increase the conductivity of the solution. Acetic acid was used to test the effect

of an agent to limit oxidation.

5.1 Frictional behavior

The coefficient of friction was measured and is plotted in figure 5.1. Figure 5.1a
is the friction coefficient against time obtained from deionized water with KCl. The
friction coefficient is around 0.75. At around 3™ second, when an electrical potential

(+2.4 V) was applied to the system, there is a gradual increase in friction to 0.86.
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Figure 5.1a: Friction obtained in water under the condition of IN and 0.5 cm/sec.
The friction starts to increase at +2.4 V. The red arrow points to the exact time when the
potential was applied and blue arrow when the potential was removed.



67

This is not so in the acetic acid case. Figure 5.1b is that obtained from acetic
acid. The friction coefficient is around 0.3 at the beginning, much lower than that in
water. It is seen that at the 16™ second, the friction coefficient jumps to 0.38 almost
immediately when a potential of +2.4 V was applied. After the potential was taken off,
the friction goes back to 0.3. When a higher voltage +4.4 V was applied, the friction

coefficient jumped higher to 0.46.
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Figure 5.1b: Friction obtained in the 0.13 M acetic acid under the condition of 1N and
0.5 cm/sec. The first increase of friction is seen at +2.4 V and then the potential is
switched off. The second increase is seen at the same condition with the potential of
+4.4 V. The red arrow points to the exact time when the potential was applied and blue
arrow when the potential was removed.
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Experimental results showed interesting friction results, as seen in figure 5.1.
Figure 5.1a displays polishing behavior of tantalum in distilled water. The friction
coefficient was stable at the beginning at around 0.75. After a voltage of +2.4V applied,
it gradually increased to 0.86. Since the only change is associated with tantalum
oxidation, the curve indicates a slow rate of oxidation. Figure 5.1b is a similar curve of
friction coefficient. At the initial stage, the friction was stable at around 0.25. When a
voltage of +2.4V was added, the friction immediately increased to around 0.38 and it
dropped back immediately once the voltage was turned off. More over, when the voltage
was applied at +4.4V, the friction was immediately increased to around 0.47. There are
two different behaviors found here: a lower friction coefficient of Ta in acetic acid than
that in water; and an immediate increase of friction with applied potential for Ta in
acetic acid while a slow increase for that in water. The initial surface conditions were the
same for both samples. The deionized water with KCI was not expected to change the
oxidation state of tantalum while the acetic acid etches the native oxide. Thus the surface
change is mainly associated with the nature of surface oxides or surface roughness. In
order to verify this, AFM analysis was conducted using a close-contact mode for phase
image (an indication of microstructure), as shown in figure 5.2. The left hand side
picture was taken of sample with reference surface (sample 1), and right hand side of the
tantalum sample in acetic acid (sample 2). The sample 1 has a mosaic structure. The
sample 2 on the contrary displays large grain-like structure. Comparing two figures, it is
seen that on electro-mechanical polishing the native oxide surface (sample 1) of Ta has a

totally different surface microstructure in sample 2.
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Figure 5.2: AFM phase image of the surface of a) sample 1 (left) and b) sample 2
(right).

To identify those microstructures, XPS analysis is discussed in the next section.
The different microstructures do conclusively prove the existence of different

compounds when tantalum is subjected to electro-mechanical energy.

5.2 XPS analysis of tantalum sub-oxides

XPS analysis was conducted after experiments and the spectroscopic peaks are
plotted as shown in figure 5.3. Figure 5.3a shows the comparison of the XPS peaks of
sample surfaces obtained under all test conditions. Dashed lines were added for
comparison purpose. This figure shows that samples do not exhibit the same peaks

indicating the change of surface chemistry due to different experimental conditions.
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Figure 5.3a: XPS comparison of all tested samples.

The figure 5.3b is the comparison of Ta in acetic acid under different
experimental parameters (samples 2, 4, 6 in Table 1). There is a marked shift in peaks
towards lower binding energy especially when the mechanical condition is compared to
the pure electrochemical condition, suggesting the formation of sub-oxides. When
comparing two samples tested in acetic acid, it is seen that the mechanical manipulation
(red) actually shifted the peak (maroon, electrochemical) towards the lower binding

energy direction.
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Figure 5.3b: XPS peaks of Ta in acetic acid under different conditions.

Figure 5.3c is the comparison of peaks of tantalum in deionized water with KCl
under three test conditions (samples 3, 5, 7 in Table 1). In this figure, peak shifts were
again observed due to test conditions. The arbitrary unit in y-axis is used here in order to
bring the curves close together so that the comparison of the binding energy (x-axis) is

convenient.



72

—— Dl Water - Electroc hemical- mec hanical
M,& —+— DI Water - Mechanical

—— DI Water - Electroc hemical

Intensity (Arb. Units)

19 21 2 25 27 29
Binding Energy (eV)

Figure 5.3c: Shift in XPS peaks of tantalum in DI water under different conditions.

When comparing two samples tested in water, it is seen that the mechanical
manipulation (red) actually shifted the peak (green, electrochemical) towards the lower
binding energy direction.

Figures 5.3d-5.3j are decomposition of the original peaks as seen in figure 5.3a.
The test conditions represented in figure 5.3a were listed in table 5.1. Figure 5.3d
represents tantalum metal surface in its native state (sample 1). The +5 oxidation state
XPS peaks of 4fs;, and 4f;, are found at 27.4 eV and 25.6 eV and concurs with the

published data.[90]



73

Experiment Data
«— Fitting

Ta 4f

| Background
*
D 4]’5;2(T3205)
% i ‘, e 4‘f7f2(Ta205)
g } &
= ¥ Fd
c 4 &
O - o -
C |

I T T I T 1

22 24 26 28 30 32
Binding Energy (eV)

Figure 5.3d: XPS peak analysis of tantalum sample as the reference (sample 1).

Apparently, the shift observed in figures 5.3b and 5.3c did not show the same
peaks. Figure 5.3e is tantalum in acetic acid under -electrochemical-mechanical
conditions (sample 2) and figure 5.3f is that of obtained in water (sample 3). Comparing
with published data [90] in figure 5.3f, the fs, and f;, peaks at 25.8 and 28.5 eV
correspond to +4/+3 overlap peaks respectively. These peaks are strong ones. It is noted
that one state of oxide generally represents two peaks. During fitting, paired peaks were

analyzed together so that the state of oxide was correct. At lower binding energy area the
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+2 oxidation state of tantalum does not exist in figure 5.3f. However, we find that fs5, and
f7, peaks for +1 oxidation state of tantalum exist at 24.3 eV and 23.2 eV respectively
[90]. The metallic tantalum XPS fs;, and f;, peaks are observed for figure 5.3f at 22 eV
and 20.5 eV in accordance with published data.[90] Compared to figure 5.3f, the sub-
oxide Ta+1 and also the metallic Ta XPS peaks are absent in figure 5.3 e. The fs;; and 7,
peaks for Ta+2 oxidation state are observed at 26.4 eV and 22.3 eV respectively.[90]
These are well within the published range. Apart from that high intense peaks for
Tat3/Ta+4 were observed at 25.3 eV and 27.6 eV, the medium intensity Ta +5 fs; and

f7, peaks are observed at 29.7 eV and 27.3 eV.
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Figure 5.3e: XPS peak analysis of tantalum tested in acetic acid (sample 2).
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Figure 5.3f: XPS peak analysis on tantalum tested in DI water (sample 3).

For Ta in acetic acid under simple electrochemical experiment as shown in figure
5.3g, Ta +5 are seen of 4 f 5, and 4f 7, at 28.9 eV and 27.1 eV respectively. Ta +4 is
seen at the peaks at 28.4 eV and 26.5 eV and Ta metallic is confirmed by the 23.6 eV

and 21.8 eV peaks.
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Figure 5.3g: XPS peak fitting of acetic acid electrochemical only (sample 4).

Tantalum in DI water with KCI under simple electrochemical experiment as
shown in figure 5.3h confirms the presence of Ta+5 due to observation of 4 {5, 28.9 eV
and 4f 7, 27.1 eV peaks. Similarly Ta + 4 peaks are detected due to the peaks at 28.4eV
and 26.5 eV and Ta metallic is observed due to presence of 4 f s, 23.6 eV and 4f 7, 21.8

eV.
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Figure 5.3h: XPS peak fitting of DI water electrochemical only (Sample 5).

It is seen that the sub-oxides exist on Ta surface in both acetic acid and DI water
in KCI environments under mechanical forces. With mechanical forces, the Ta in acetic
acid XPS peaks are analyzed in Fig 5.31i. The sub-oxide of Ta+3 is detected at 4f 5, 26.7
eV and 4f 7, 24.8 eV which matches with the literature values.[90] Similarly the sub-
oxide of Ta+2 is also detected due to the presence of 4f 5, 26.7 eV and 4f 7, 24.8 eV

peaks. Metallic Ta peaks are observed at 4f 5, 21.8 eV and 4f 7, 20 eV.
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Figure 5.31: XPS peak fitting of acetic acid mechanical only (Sample 6).

Similar results are obtained when XPS peaks for Ta in water under mechanical
forces are analyzed as shown in figure 5.3j. We found that Ta +3 and Ta +2 co-exist on
Ta in water under mechanical conditions similar to what appeared on Ta in acetic acid.
Ta+3 peaks are seen of 4 f 5, and 4f 7, in figures 5.3j at 26.7 eV and 24.8 eV
respectively. Ta+2 peaks are seen of 4 f 5, and 4f 7, at 26.2 eV and 24.3 eV
respectively. Finally, Ta peaks are seen of 4 f 5, and 4f 7, at 21.3 eV and 21.8 eV

respectively.
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Figure 5.3j: XPS peak fitting of DI water mechanical only (sample 7).

When we compare the results of the mechanical energy experiments with simple
electrochemistry of Ta in acetic acid and water we find the absence of the lower sub-
oxides from the XPS peaks. Instead in both the cases we find metallic Ta peaks and
Ta+5 peaks. Ta+4 peaks are also observed but its presence can be attributed to a non-
equilibrium action during the application of electrochemical energy. The presence of
lower sub-oxides (Ta+2, Ta+3) in both chemical environments when subjected to

mechanical energy confirms that the existence of the mechanical energy did indeed shift
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the peaks toward the lower binding energy direction. The table 5.2 gives a summary of

the oxides formed corresponding to the experimental conditions.

Table 5.2: Summary of the sub-oxides formed under different conditions

Samples Oxidation states of Ta observed

1) Reference Ta sample — as +5

received

2) Tantalum in acetic acid (0.13 M)

(electro-chemical-mechanical) +5,+4,+3,+2

3) Tantalum in deionized water
with KC1 +5,+4, +3,+1,0

(electro-chemical-mechanical)

4) Tantalum in acetic acid (0.13 M)

(electrochemical) +5,+4,0

5) Ta in deionized water with KCI

(electrochemical) +5,+4, 0

6) Ta in acetic acid (0.13 M)

(mechanical) +3,42,0

7) Ta in deionized water with KCl

(mechanical) +3,+2,0
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Analysis of XPS results showed that both samples 3 and 2 had_4f;, and 4fs,
peaks for Ta in +5 oxidation state. The main difference of the reference sample 1 with
sample 2 and sample 3 is that later two have tantalum sub-oxides presented. Sample 2
that is tantalum in acetic acid showed absence of lower sub-oxide peaks of Ta +1 and
also metallic tantalum as observed in sample 3 which is tantalum in deionized water with
KCI. When we compare the AFM results with the XPS analysis we find that both results
complement each other. As shown in the AFM phase images, a distinct difference in
phases was observed in case of tantalum in acetic acid (sample 2) as opposed to the
reference sample (sample 1).

The absence of Ta+1 and Ta metallic XPS peaks from sample 2 as compared to
sample 3 can be understood when we read the friction coefficient data for both samples.
The friction coefficient of sample 3 was as high as 0.86 as compared to the friction
coefficient of sample 2 which was 0.47 at its highest value. Given the load and velocity
parameters being constant, it can be concluded that chemical environment has a role to
play in friction coefficient. The acetic acid acted as a lubricant since it was more viscous
than the deionized water with KCIl. This was observed with a low friction coefficient
value (0.25 — 0.47) in figure 5.2b as compared to tantalum in deionized water with KCI
(0.75 — 0.86, figure 5.2a). The reduction of friction coefficient leads to lowering of
mechanical energy being experienced by the sample 2. The absence of sub-oxide Ta+1

and metallic Ta peaks and weak Ta+2 oxidation state peak corroborated the observation.



82

With a high mechanical energy through high friction (figure 5.2a), as tested in the
deionized water with KCIl, we found sub-oxides as well as metallic Ta as expected on
XPS. As for the sample with a low friction, this resulted in the absence of sub-oxide
peaks due to low mechanical energy experienced at the interface.

The comparison of tantalum peaks can be seen in figure 5.3a. The peak shifted
towards lower binding energy with greater application of mechanical energy. Sample 3
which experienced highest frictional energy shifted the most. This is corroborated by
XPS analysis as discussed earlier. The presence of Ta+3/Ta+4 peaks at higher intensity
as compared to expected Ta+5 oxidation state also indicated the effects of mechanical
force on the oxidation state of Ta. As Ta+3/Ta+4 states are more stable and have lower
energy of formation than the Ta+1/Ta+2 states they are found in greater intensity as
compared to the lower sub-oxides.[90]

The comparison of the experiments of Ta only mechanical and Ta only
electrochemistry under the two different chemical environments assists to understand the
combined electrochemical-mechanical experiments. The results in electrochemical only
shows the presence of only stable oxide states of Ta+5/Ta+4 and the metallic Ta.
However when the mechanical force was applied, observation of Ta +2/Ta+3 was made.
This proves that mechanical energy assists to form the sub-oxides. When “mechanical”
results are compared with “electrochemical-mechanical” ones, it is found that Ta in
acetic acid shows similar compounds for electrochemical-mechanical as observed in
mechanical with the exception of absence of Ta+4/Ta+5 in “pure mechanical” results.

This in fact proves mutually competing reactions in which the products of both purely
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mechanical and purely electrochemical are present in case of electro-chemical
mechanical experiment.

The same observation found in sample from water with KCI shows the absence
of Ta+2 (sample 3) and Ta+1 (sample 7). The lower shift in case of electrochemical-
mechanical experiments in case of water as opposed to acetic acid can be explained due
to the nature of the bonds in acetic acid and water. Acetic acid due to its corrosive nature
removes the oxide film during the anodization process resulting in gas. The low
frictional is related to this phenomenon. In case of water molecules, direct oxidation with
Ta does not take place. This results in a high friction force being subjected to the Ta in
water during electromechanical-chemical reaction.

It is possible that apart from oxides of tantalum, other types of compounds exist.
Due to the presence of KCl in the electrolytic solution it is likely that Ta might exist in
TaOCl; or TaO,Cl or TaCls form. Also, Ta(CH3COO)s form might also exist. In all the
possible compounds mentioned, the Ta +5 is the stable state. The presence of those
compounds does not affect our observation significantly. Since our focus is to
investigate non-equilibrium oxidation state of Ta, those other types do not affect our
study. The XPS results proved the existence of metastable oxides of Ta under the
influence of mechanical force. Metastable oxides are defined as the sub-oxides of Ta
which are not predicted in the Pourbaix diagram. These oxides were detected in our XPS
studies under non-equilibrium conditions involving electrochemical-mechanical and

mechanical interactions. We will discuss the kinetics in next section.
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5.3 Mechano-Kinetics and Kar-Liang equation
It was proven from the XPS and friction results that mechanical energy played an
important role in sub-oxide formation. We take the modified Arrhenius-Eyring equation

for transition state theory of chemical reactions:

k= (kT /hye "/ (1)
where k is the oxidation time, ky, is the Boltzmann’s constant, T is absolute temperature,
h is the Plank’s constant, and the AGT is the Gibbs energy of activation. This equation
indicates that a substance with high Gibbs energy of activation would lead to a low
reaction rate of formation. For a reaction to proceed from a stable to an unstable sub-
oxide state, we require the stable oxide to overcome the activation energy barrier in Eq
(1.

Now for a spontaneous reaction, AGT is negative, and hence the reaction
proceeds at a high rate. However, for a non-spontaneous reaction that is the conversion
of a stable oxide state to a non-stable oxide state, AGTis positive making the overall rate
of oxidation a slow process. The formation of the unstable sub-oxide is almost negligible
under such conditions. If we add a mechanical energy term, €, to the equation (1), the
AGT and g, will be competing with each other to dominate the overall reaction. The

equation becomes, as called the Kar-Liang equation:

(—AG™ +¢)
k= (kT /e " ?)
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Now, for a non-spontaneous reaction, when AG+>8, the effect of ¢ is negligible and
mechano-chemical reaction does not take place. When AG+S8, the mechano-chemical
reaction takes place as the contribution of € becomes significant. This means that the
mechanical energy reaches a critical level to trigger the mechano-chemical reaction. In
this case, the reaction became spontaneous. A higher ¢ will lead to the formation of
energetically-unfavorable products, i.e., suboxides. This has been seen in our XPS and
AFM analysis. Our results showed that applying mechanical energy could induce low
valent sub-oxides formation of tantalum. The greater the mechanical energy, the more
sub-oxides were formed. The effect of mechanical energy ¢ is further evaluated. We take
ky = 8.617x107 eV/k; h = 4.136x10™"° eV.s; R = 8.63x10” eV .k ".atom™’; and T = 273 k.
The oxidation rate k is thus plotted against mechanical energy in eV, as shown in figure
5.4a. At room temperature, with the increased &, the reaction rate increases
exponentially. The slope of this plot is 3.33, leading to an increase of 10°**/sec.eV. This
means that an addition of mechanical energy 1 eV leads to an increase of reaction rate of
at least 1000 1/sec. This increase is significant comparing with the equilibrium reaction
rate without mechanical energy. This effect makes the sub-oxide formation possible

(spontaneously).
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Figure 5.4a: Oxidation rate verses applied mechanical energy.

The effects of mechanical energy on oxidation can be illustrated in a proposed
physical model, as shown in Figure 5.4b. The amount of applied mechanical energy is
illustrated with dashed arrows. The y-axis is the potential energy of tantalum oxides and

x-axis the reaction coordination number.
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Figure 5.4b: Energy comparison of tantalum oxides under influence of applied
mechanical energy e.

For better comparison, the potential energy is not in scale. Here the different
oxides have different level of potential energy indicating different stability. With
friction, extra energy is introduced (g) that overcomes the activation energy to become
the next state of oxide. The thermal factor in the mechano-chemical kinetics is neglected
as a causative agent for the formation of tantalum sub oxides. This is because tantalum
+5 oxide state is known to be highly stable at high temperatures of upto 1450 degrees
Celsius. [111] The temperature of the electrolytic media did not reach even 100 degree
Celsius. So the possibility of thermal energy having a major contribution in sub-oxide

formation can be effectively neglected.



88

5.4 Summary

We used a mechanical plus electrochemical approach to carefully study surface
properties and sliding performance of tantalum in acidic solutions. During
electrochemical reactions under mechanical stress, the sub-oxides of tantalum were
generated. Thermal and kinetic analysis of the processes correlated mechanical energy
with sub-oxide formation of tantalum. We proposed a modified Arrhenius-Eyring
equation in which the mechanical energy parameter was considered. The overall
activation energy of reaction includes two competing terms: Gibbs free energy and the
mechanical energy. We found that the addition of the mechanical energy increased the
oxidation rate exponentially with non-stable state reactions leading to the formation of
metal-stable oxides. The mechanical energy made the kinetics favorable for formation of
oxides that were originally-thermodynamically unfavorable. The amount of mechanical
energy dominates the formation kinetics of the non-equilibrium state of oxides. The Kar-
Liang equation can predict mechano-chemical reactions. The present approach is not
only a new branch of chemical science, but also has important industrial applications,

such as chemical-mechanical polishing.
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CHAPTER VI

NON-EQUILIBRIUM KAR-LIANG DIAGRAMS FOR TANTALUM

This chapter will show a series of non-equilibrium Kar-Liang diagrams under
different conditions for tantalum. The experimental conditions for generating the non-
equilibrium diagrams has been described in chapter III in tables 3.4 and 3.5 (see page
33). The conditions have been chosen to mimic the equilibrium pH-potential Pourbaix
diagram of tantalum. It is seen from the Pourbaix diagram that tantalum is stable in +5

conditions in a wide range of pH and potentials. [63]

3

1 4
= Ta,0
1T

_1 n -'.-h_-_-__-'.-__—_'_"'—--——______'___h_
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_3 I | | I |
0 2 4 6 8 10 12
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Figure 6.1: Illustration of pH-potential Pourbaix diagram of tantalum. [63]
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The Pourbaix diagram maps the equilibrium phases of an aqueous
electrochemical system. In case of tantalum as seen in figure 6.1 +5 is the stable
oxidation state. However as mentioned earlier and seen from our mechano-oxidation
experiments that tantalum exists in other oxidation states like +3, +2, and +1 also. (See
chapters IV and V). As such a new set of diagrams are proposed based on the non-
equilibrium conditions of tantalum. Such diagrams will be especially useful for semi-
conductor industry to understand the changes in oxidation state of tantalum under
mechanical energy parameters.

The Pourbaix diagrams are named after the Russian chemist Marcel Pourbaix
(1904-1998). He based his diagrams on Nernst equation which relates potential to pH
under equilibrium conditions.

aA+bB =cC+dD

0.0592 [C]°[D]*
Eh=E" L
| n og [Alu [B]b

Here E is the electrode potential, E° is the standard electrode potential, and n is
the number of electrons transferred from a given chemical reaction where reactants A
and B reacts to give products C and D. a, b, ¢ and d are the concentrations of reactanta A
and B and products C and D respectively. [112]

The Kar-Liang diagrams on tantalum mimics the pH-potential phase detection
graphs of Pourbaix but also considers the influence of mechanical energy in formation of

unstable oxides. The experiments performed also tests the thermodynamic time-
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dependent stability of the oxides formed. The experiments can be broadly classified into

4 groups as shown in chapter III in tables 3.4 and 3.5 (page 32) as follows:

1. Tantalum in DI water with KCI under electro-chemical mechanical
energy.

2. The samples formed in condition 1 are tested after 48 hours.

3. Tantalum in DI water with KCI under mechano-chemical energy.

4. The samples formed in condition 2 are tested after 48 hours.

6.1 Analysis of tantalum under electro-ehemical mechanical parameters

Tantalum was subjected to electro-chemical mechanical investigation in three
different pH solutions. pH 1 representing highly acidic conditions (sample 6.1), pH 7
representing neutral conditions (sample 6.2) and pH 10 representing highly basic
conditions (sample 6.3). The speed was kept at 0.5 cm/sec; the load was 1IN and +2.4 V
potential was applied. The same samples were tested after 48 hours to test the stability of
the sub-oxides formed.

The figures 6.1 — 6.5 in the following pages show the XPS deconvulation of

peaks obtained under different test conditions.



6.1.1 Analysis of sample 6.1 (pH 1, 0.5 cm/sec, 1 N, +2.4 V)

Table 6.1 gives a brief analysis of the XPS peaks found in pH 1.

Table 6.1: XPS analysis of sample 6.1 after subjecting it to ECMP process

Tantalum sample
0.5 cm/sec; 1 N

pH1;+2.4

Ta fs) Ta fy, Oxidation state
26.2 24.4 +2
25.6 23.7 +1
21.3 19.5 0

Figure 6.2 shows the existence of sub-oxides after ECMP.

—a— background

Figure 6.2: XPS analysis of tantalum sample in pH 1 after ECMP process.
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6.1.2 Analysis of sample 6.1 (pH 1, 0.5 cm/sec, 1 N, +2.4 V potential, after 48 hrs)

Table 6.2 gives a brief analysis of the XPS peaks found in pH 1 after 48 hours.

Table 6.2: XPS analysis of sample 6.1 subjected to ECMP process after 48 hrs

Tantalum sample Ta fs» Ta fi Oxidation state
0.5 cm/sec; 1 N 27.9 26.3 +4
pH 1;48 hrs; 27.3 25.5 +3
+24V 23.2 21.0 0

Figure 6.3 shows the existence of sub-oxides after ECMP when 48 hours have passed.
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Figure 6.3: XPS analysis of tantalum sample in pH 1 after ECMP process after 48 hrs.
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6.1.3 Analysis of sample 6.2 (pH 7, 0.5 cm/sec, 1 N, +2.4 V potential)

Table 6.3 gives a brief analysis of the XPS peaks found in pH 7.

Table 6.3: XPS analysis of sample 6.2 after subjecting it to ECMP process

Ta fs) Ta fi Oxidation state
Tantalum sample 26.78 25.27 +3
0.5 cm/sec; 1 N 26.16 24.41 +2
pH7,+24V 21.71 19.82 0

Figure 6.4 shows the existence of sub-oxides after ECMP under neutral conditions.

—s— background
—m— Fitting
—=— Ta+3

Figure 6.4: XPS analysis of tantalum sample in pH 7 after ECMP process.
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6.1.4 Analysis of sample 6.2 (pH 7, 0.5 cm/sec, 1 N, +2.4 V potential, after 48 hours)

Table 6.4 gives a brief analysis of the XPS peaks found in pH 7.

Table 6.4: XPS analysis of sample 6.2 subjected to ECMP process after 48 hrs

Tantalum sample Ta fsp Ta fi Oxidation state
0.5 cm/sec; 1 N 28.85 26.45 +5
pH 7;48 hrs; 28.3 26.53 +4
+2.4V 23.78 21.94 0

Figure 6.5 shows the existence of sub-oxides after ECMP when 48 hours have passed.
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Figure 6.5: XPS analysis of tantalum sample in pH 7 after ECMP process after 48 hrs.



6.1.5 Analysis of sample 6.3 (pH 10, 0.5 cm/sec, 1 N, +2.4 V potential)

Table 6.5 gives a brief analysis of the XPS peaks found in pH 10.

Table 6.5: XPS analysis of sample 6.3 after subjecting it to ECMP process

Ta fsp Ta f7p Oxidation state
Tantalum sample 27.99 25.89 +4
0.5 cm/sec; 1 N 26.54 24.17 +2
pH 10; +2.4 V 24.85 23.8 +1
21.76 19.97 0

Figure 6.6 shows the existence of sub-oxides after ECMP in basic conditions.
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Figure 6.6: XPS analysis of tantalum sample in pH 10 after ECMP process.
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6.1.6 Analysis of sample 6.3 (pH 10, 0.5 cm/sec, 1 N, +2.4 V, after 48 hours)

Table 6.6 gives a brief analysis of the XPS peaks found in pH 10.

Table 6.6: XPS analysis of sample 6.3 subjected to ECMP process after 48 hrs

Ta fsp Ta Oxidation state
Tantalum sample 28.85 26.96 +5
0.5 cm/sec; 1 N 27.7 25.47 +4
pH10;48 22.9 21.15 0
hrs;+2.4 V

Figure 6.7 shows the existence of sub-oxides after ECMP when 48 hours have passed.
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Figure 6.7: XPS analysis of tantalum sample in pH 10 after ECMP process after 48 hrs.
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From the XPS analyses [90] as seen in figures 6.2 — 6.4 it is found that tantalum
shows lower metastable oxidation states in acidic, neutral and basic conditions after
ECMP process. In both acidic and basic conditions we find +1 oxidation state. In neutral
condition +1 oxidation state is absent. +2 oxidation state is common in all the three
processes with basic condition showing an addition of +4 oxidation state and the neutral
condition +3 oxidation state. This can be explained as Ta towards basic conditions
favors oxidation and hence presence of higher oxidation states. [60]

A time dependent experiment was also performed. The samples that had
been subjected to ECMP process were analyzed after 48 hours. Interestingly in all the
three pH conditions the tantalum samples reverted back to its energetically favorable
+5/+4 states as seen in figures 6.5 — 6.7. This shows that the metastable oxidation states
of tantalum formed in ECMP process is not thermodynamically stable over a longer
period of time. Tantalum being oxyphyllic reverts back to its equilibrium state of +5 in
48 hours. The Kar-Liang diagram for non-equilibrium oxidation states of Ta in three pH

solutions at +2.4 V is shown in the figure below.
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Figure 6.8: Illustration of pH-potential Kar-Liang diagram of Ta under ECMP. The load
and speed parameters are put in the graph. The red dashed line showing the region where
the sub-oxidation states of tantalum have been found. The potential is at +2.4 V.

6.2 Analysis of tantalum under mechano-chemical parameters

Tantalum was subjected to mechanical investigation in three different pH
solutions. pH 1 representing highly acidic conditions (sample 6.4), pH 7 representing
neutral conditions (sample 6.5) and pH 10 representing highly basic conditions (sample
6.6). The speed was kept at 0.5 cm/sec; the load was 1N and a potential of +2.4 was
applied. After 48 hours the samples were again analyzed in XPS to account for the

stability of the oxidation states of tantalum formed.



6.2.1 Analysis of sample 6.4 (pH 1, 0.5 cm/sec, 1 N, 0 V)

Table 6.7 gives a brief analysis of the XPS peaks found in pH 1.

Table 6.7: XPS analysis of sample 6.4 after subjecting it to CMP process

100

Ta fs) Ta fy, Oxidation state
Tantalum sample 25.38 23.45 +1
0.5 cm/sec; 1 N
24.59 22.81 0
pH L;

Figure 6.9 shows the existence of sub-oxides after CMP process.
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Figure 6.9: XPS analysis of tantalum sample in pH 1 after CMP process.



6.2.2 Analysis of sample 6.4 (pH 1, 0.5 cm/sec, 1 N, 0 V, after 48 hrs)

Table 6.8 gives a brief analysis of the XPS peaks found in pH 1.

Table 6.8: XPS analysis of sample 6.4 subjected to CMP process after 48 hrs

101

Tantalum sample
0.5 cm/sec; 1 N

pH 1;48 hrs; 0 V

Ta fsp Ta f7p Oxidation state
26.06 24.08 +2
25.5 23.8 +1

Figure 6.10 shows the existence of sub-oxides after CMP when 48 hours have passed.

12500 ~

—+— background
—=— Fitting

—o— Ta+2

Figure 6.10 XPS analysis of tantalum sample in pH 1, 48 hrs after CMP process.
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6.2.3 Analysis of sample 6.5 (pH 7, 0.5 cm/sec, 1L N, 0 V)

Table 6.9 gives a brief analysis of the XPS peaks found in pH 7.

Table 6.9: XPS analysis of sample 6.5 after subjecting it to CMP process

Ta fs) Ta f7 Oxidation state
Tantalum sample 26.55 24.54 +2
0.5 cm/sec; 1 N
25.73 23.84 +1
pH 7

Figure 6.11 shows the existence of sub-oxides after CMP in neutral conditions.
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Figure 6.11: XPS analysis of tantalum sample in pH 7, after CMP process.



103

6.2.4 Analysis of sample 6.5 (pH 7, 0.5 cm/sec, 1 N, 0 V, after 48 hrs)

Table 6.10 gives a brief analysis of the XPS peaks found in pH 7.

Table 6.10: XPS analysis of sample 6.5 subjected to CMP process after 48 hrs

Tantalum sample

0.5 cm/sec; 1 N

pH 7;48 hrs; 0 V

Ta fs) Ta fi Oxidation state
26.89 24.99 +3
26.08 24.33 +2

Figure 6.12 shows the existence of sub-oxides after CMP when 48 hours have passed.
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Figure 6.12: XPS analysis of tantalum sample in pH 7, 48 hrs after CMP process.



6.2.5 Analysis of sample 6.6 (pH 10, 0.5 cm/sec, 1 N, 0 V)

Table 6.11 gives a brief analysis of the XPS peaks found in pH 10.

Table 6.11: XPS analysis of sample 6.6 after subjecting it to CMP process
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Tantalum sample
0.5 cm/sec; 1 N

pH 10

Ta fs) Ta i, Oxidation state
26.1 24.52 +2
25.44 23.57 +1

Figure 6.13 shows the existence of sub-oxides after CMP in basic conditions.

________

—+— background
—=— Fitting
—— Ta+2
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Figure 6.13: XPS analysis of tantalum sample in pH 10, after CMP process.
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6.2.6 Analysis of sample 6.6 (pH 10, 0.5 cm/sec, 1 N, 0 V, after 48 hrs)

Table 6.12 gives a brief analysis of the XPS peaks found in pH 10.

Table 6.12: XPS analysis of sample 6.6 subjected to CMP process after 48 hrs

Tantalum sample Ta fsp Ta fi Oxidation state
0.5 cm/sec; 1 N 26.19 24.33 +2
pH 10;48 hrs; 0
25.45 23.68 +1
A%

Figure 6.14 shows the existence of sub-oxides after CMP when 48 hours have passed.

—+— background
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Figure 6.14: XPS analysis of tantalum sample in pH 10, 48 hrs after CMP process.
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From the XPS analyses as seen in figures 6.9 — 6.11 [90] it is found that tantalum
shows lower metastable oxidation states in acidic, neutral and basic conditions after
CMP process. In acidic, neutral and basic conditions we find +1 oxidation state. In
neutral condition as well as in basic condition we find. +2 oxidation state as common.
The acidic condition however exhibits metallic tantalum state. This can be explained as
acetic acid is corrosive to oxide films in acidic solutions.[60]

A time dependent experiment was also performed. The samples that had been
subjected to CMP process were analyzed in XPS after 48 hours. Interestingly unlike
ECMP process, in CMP process in all the three pH conditions the tantalum samples did
not revert back to its energetically favorable +5/+4 states. In pH 1 and pH 7 conditions
we do find the next higher oxidation state of + 2 and +3 respectively suggesting the
oxyphyllic mechanism of tantalum as seen in figures 6.12 and 6.13. But the process is
very slow as compared to the fast reversion process in ECMP. In case of pH 10, no
reversion to the original oxidation state takes place as seen in figure 6.14.

This apparent contradiction is results between CMP and ECMP process can be
explained from our previous results. In Chapter [V we found that the thickness of oxide
film in mechanical process is higher than that of oxide films of tantalum formed in
electro-mechanical chemical process (see figure 4.5). High friction rate due to evolution
of gas in the surface and competing anodization and removal rate mechanisms give a
thinner oxide film and a more mixed oxide film than in mechano-chemical processes. In
mechanical polishing, no such evolution of gas occurs and friction is always lower when

compared with ECMP process as evident from friction coefficient measurements done in
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Chapters IV and V (see figures 4.1, 5.1 a, 5.1b). This leads to the formation of a thicker
sub-oxide film as already shown in this dissertation (see figure 4.5). Thicker sub-oxide
growth means more time required for the entire sub-oxide layer to get converted to the
more stable oxidation states. However we do see the slow reversion process in pH 1 and
pH 7 but no change is observed in pH 10. It is known that oxide formation is favored in
alkaline conditions. Hence, it is proposed that a thicker oxide film is formed in pH 10
which leads to failure in XPS to detect the changes in the sub-oxide states of tantalum.
Based on the above findings the Kar-Liang diagram for non-equilibrium

oxidation states of Ta in three pH solutions at 0 V is shown in the figure below.

3
0.5 cm/sec
1N

14 Ta+1
= Ta Ta,0- Ta+2
W | T T T mm—— L

—— Ta+? Ta+1 o
N ———— Ta+1
Ta
_3 T J I I |
0 2 4 ) 8 10 *

pH

Figure 6.15: Illustration of pH-potential Kar-Liang diagram of Ta under non-equilibrium
conditions showing the sub-oxides formed. The load and speed parameters are put in the
graph. The compounds formed are at pH 1, pH 7 and pH 10 when no potential is
applied. The red dashed lines show the region where the sub-oxidation states of Ta were
found.
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After 48 hours minor changes occur in the Kar-Liang diagram on the sub-
oxidation states of tantalum. These changes are shown in the time dependent non-
equilibrium Kar-Liang diagram. The samples are kept for 48 hours and then XPS data is

taken. A slow reversion to the more stable oxidation state is found in the graph.as shown

in page 107.
1N
3 -
After 48 hours 0.5 cm/sec
1 4
= I’fﬁll— ________ Ia_g?E_ N Txt2
LLJ a Tz+2, Ta+t3 ~ = Tl — =
14  TTTTm=—=—- e
Ta
'3 T ! ! ) I I
0 2 4 6 v LRt
pH

Figure 6.16: Illustration of pH-potential Kar-Liang diagram of Ta under non-equilibrium
conditions showing the sub-oxides formed. The load and speed parameters are put in the
graph. The compounds formed are at pH 1, pH 7 and pH 10 when no potential is
applied. The XPS analysis was done 48 hours after the experiment was performed. The
red dashed lines represent the region where the sub-oxides of Ta were found.
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6.3 Summary

The chapter presents a series of unique Kar-Liang diagrams which makes it
easier to understand the changes in the oxidation states of Ta under mechanical and
electro-chemical-mechanical parameters. Time dependent parameters are also included
in one of the graphs. The diagrams in future can be elaborated to make a more
comprehensive chart taking every potential and every pH condition. This will help the
semi-conductor industry tremendously to understand the chemistry of tantalum during

the CMP process in an easier way.
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CHAPTER VII

CONCLUSIONS AND FUTURE SUGGESTIONS

7.1 Conclusions

This research studied dynamics and kinetics of tantalum oxidation in a non-
equilibrium process resulting non-equilibrium states of oxides. A unique approach was
used through an experimental setup that enables in situ synergetic detection. Several
major discoveries were found. The following highlights results and major impacts.

An in situ tribochemical set up was developed which can detect surface changes
on application of potential through coefficient friction changes. It has been proved that
under mechanical and electrochemical-mechanical forces tantalum does not remain in its
equilibrium +5 oxidation state but changes to its sub-oxide states. The dissertation also
proposed a Kar-Liang equation which considered the mechanical energy parameter
which drives a non-spontaneous reaction to spontaneity. Also a series of non-equilibrium
Kar-Liang diagrams were put forward which helps to easily understand the chemistry of
tantalum under mechanical parameters. Time-dependent non-equilibrium Kar-Liang
diagram was also put forward. These diagrams are unique and first of its kind and can be
used as an easy guide of reference by CMP industry to understand the chemistry of
tantalum in polishing working environment.

Tantalum was studied here as a model system. Other transition metals, vanadium,
and niobium are expected to have similar behavior due to reasons of their similar

electronic configuration belonging to sub-group IVb of the 1% transition metal series.
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Niobium is especially important as it is used in oseointegration.[113] As such the effects
of mechanical behavior on oxidation states of tantalum can be extended to study of
niobium.

This research has important impacts on several areas. Mechanochemistry is a
new breach of chemistry. The Kar-Liang equation helps in understanding the parameter
which drives a non-spontaneous reaction to a spontaneous reaction under mechanical
energy. CMP industry also will benefit in better understanding the chemistry of
tantalum. The non-equilibrum diagrams generated help to form an easy reference point

for mechano-chemistry of tantalum.

7.2 Future suggestions

The band gap reduction theory put forward in the dissertation (Chapter IV) for
the possible formation of tantalum sub-oxides can be further investigated. Computational
study on the effects of reduction of band gaps on oxidation states of tantalum by
application of stress would be a pioneering work and help to better understand the
experimental processes reported in this dissertation.

Other metals such as niobium and vanadium can also be studied. The study can
also be extended to non-transition metals like silicon as well as widely used transitional
metals like iron.

Kar-Liang diagrams generated can be further worked upon and more
comprehensive reference diagrams for CMP industry can be generated. This will prove

beneficial for the semi-conductor industry. Such diagrams can be generated for other
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transitional metals resulting in an immense benefit to scientific community and

industries working under non-equilibrium conditions on day to day basis.
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