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ABSTRACT

Failure of Integrated Circuits (IC) due to maintenance of diffusion barrier property is a
major concern in the semiconductor industry. Hence, cobalt (Co) and ruthenium (Ru) are
introduced as new promising barrier metals. After deposition of the metals, better surface
uniformity is required for further level metallization for which Chemical Mechanical
Planarization (CMP) is opted. The main rational behind using CMP process is the removal
of interconnect and barrier metal without excessive thinning. This demands a slurry which
gives a removal selectivity of 1:1. In the present work, slurries giving desire removal

selectivity for Ru/Cu and Co/Cu CMP are proposed.

In the initial part of the study, an optimized formulation of slurry for CMP of Copper (Cu)
as interconnect material and Ruthenium (Ru) as barrier line with removal selectivity is
investigated. Thermogravimetric analysis (TGA), effect of abrasives concentrations, pH
and solution temperature on etch rate are also examined. The results revealed that a Ru-Cu
selectivity of ~1.003: 1 is obtained using 2 wt. % fumed silica, 0.2 M potassium iodate
(KIOz) and 5 mM 1,2,3 Benzotriazole (BTA) based slurry. The activation energy (Ea) of
Cu and Ru dissolution in the solution is determined to be 27.3 KJ/mol for Cu and 25.2
KJ/mol for Ru respectively. The thermodynamic process was found to be endothermic in
nature and the dissolution followed an associative mechanism. The proposed slurry follows

a non-Prestonian behavior.

CMP of interconnect metal copper and barrier metal cobalt using NaOCI based slurry is
investigated as the second objective in this study. The slurry consists of 2 wt. % silica, 0.5
wt. % NaOCl and 5 mM BTA as inhibitor. It is seen that the formulated slurry gives a
combination of low etch rates and comparatively fair removal rates along with selectivity

of ~1:1.006 at pH 9, which are desired to be used in semiconductor industry. A decrease in
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removal rates for both Cu and Co is observed as the pH regime changes from acidic to
alkaline. At acidic pH, the passive layer if any formed on the surface becomes very unstable
resulting in higher polish rates. However, at neutral and alkaline medium, the passivation
layer comprising of Co (I1) oxide/hydroxides is formed which subsequently decreases the
polish rate. A highly stable and dense passivation layer of Co (111) oxides comprising of
mostly CosO4 and CoOOH is formed at the highly alkaline region explaining the reason
behind lower removal rates. The variation in turntable speed and down force pressure does
not have any significant impact on selectivity obtained at optimum conditions. XRD
analysis reveals the formation of oxide on Co surface after etching at pH 9.

The third objective focuses on the reduction of galvanic corrosion associated with Co and
Cu along with investigation of Co/Cu removal rate (RR) selectivity by using oxalic acid
(weak acid) as the complexing agent and imidazole as an inhibitor in hydrogen peroxide
(H202) and fumed silica-based slurry. The results obtained from dissolution study,
polishing experiments and potentiodynamic polarization measurements revealed that the
proposed chemistry can achieve a desirable Co/Cu RR selectivity and a significant decrease
in corrosion potential of Co and Cu (pH 9) to be used in the semiconductor industry. The
corrosion potential difference (Cugcorr - COgcorr) iS reduced to 12 mV by using 0.1 wt.% H20>
+ 0.02 M oxalic acid + 5 ppm imidazole solution at pH 9. Meanwhile, a removal rate of
~147 nm/min for Co and ~140 nm/min for Cu was achieved using the same composition
in a fumed silica slurry which resulted in Co/Cu selectivity ratio of 1.05:1, which is
acceptable for cobalt barrier and copper interconnect CMP. Based on FTIR and UV spectra,

the dissolution mechanism in the proposed chemistry is also discussed.

In the fourth part of the study, the anodic dissolution of Co in H>O> solution is investigated
both in the presence and absence of complexing agent, oxalic acid by using various

techniques including electrochemical impedance spectroscopy (EIS). Anodic polarization

xii
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measurements of both the solutions show that active dissolution occurs in the potential
range of 0 to 600 mV w.r.t open circuit potential (OCP) and the addition of oxalic acid
enhances the dissolution rate significantly. EIS measurements at OCP confirm the same
trend while the kinetics of dissolution is investigated by performing EIS measurements at
various overpotentials under anodic conditions. EIS spectra exhibit two loops; capacitance
(higher frequency) followed by inductance (lower frequency) at all the overpotentials and
it is modelled by a multi- step mechanism with 3 intermediate adsorbed species. The
dissolution via both chemical and electrochemical steps is considered in the proposed
model. From the parameters obtained, dominance of Co (I11) compound formation is
observed for both the systems. The oxides formed on the Co surface on addition of oxalic
acid to H20: are higher than using only H202 thus properly justifying the role of a
complexing agent in a CMP slurry. Products formed on exposure of Co to H.O, and
H>O>+oxalic acid solution at pH 9 are analyzed using Contact angle analysis and FESEM
and XPS analysis. The results confirm the formation and dominance of Co-oxalate

complexes for H202+oxalic acid system.

We believe that these results obtained can significantly improve the polishing efficiency
and providing desired selectivity without excessive thinning of the interconnect barrier

interface and thereby reducing failure in 1C production.

KEYWORDS: Chemical Mechanical Polishing (CMP); Ruthenium; Cobalt; Copper;
Selectivity; Galvanic Corrosion; Electrochemical Studies; Potentiodynamic Polarization;
Electrochemical Impedance Spectroscopy (EIS); Electrical Equivalent Circuit (EEC);
Reaction Mechanism Analysis (RMA); Thermodynamic Analysis; XPS; FESEM; Contact

Angle; UV Spectroscopy; FTIR; XRD; TGA
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NOMENCLATURE

English Symbols

E%Eoc

ECOI’I’

Coyy

Con+

sol

|O

ICOI’I’

IOX

| red

|summation

J
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Area

Capacitance

Double Layer Capacitance
Density

Potential

Equilibrium Potential
Corrosion Potential
Faraday Constant

Frequency

Charged Species of Iron Adsorbed onto the Electrode

Surface

Charged Species of Iron in Solution

Current

Current or Current Density

Reaction Dependent Constant (Exchange Current)
Corrosion Current or Corrosion Current Density

Amplitude of Current

Oxidation Current

Reduction Current

Net Current

Unsteady State Current Density

Xiv



Jss Steady State Current Density

J Imaginary Component (Square Root of -1)
Ki Kinetic Rate Constant
Kio Kinetic Rate Constant Coefficient
L Inductance
n Number of Electrons
N1 Exponent of Constant Phase Element
P Pressure
Q Constant Phase Element
R Resistance
Ret Charge Transfer Resistance
R Ideal Gas Constant
Rp Polarization Resistance
Rsol Solution Resistance
T Temperature
t Time
\Y Overpotential
Yo Constant Phase Element Parameter
z Impedance
Zo Magnitude of Impedance
Zr Faradic Impedance
ZRe Real Component of Impedance
Zim Imaginary Component of Impedance
Ziotal Total Impedance z
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Greek Symbols

a Transfer Coefficient

S Tafel Constant

Pa Anodic Tafel Constant

Jors Cathodic Tafel Constant

Q Ohm (Unit of Resistance)

T Pi

T Number of Surface Sites

w Angular Frequency

i Surface Coverage

Oiss Steady State Surface Coverage
) Phase Shift

WRe Weighing Function for Calculating Residue in Real Component

Weighing Function for Calculating Residue in Imaginary

@im Component
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ABBREVIATION

Al Aluminium

A Ampere

ac Alternating Current

AR Analytical Reagent

CA Chronoamperometry

CPE Constant Phase Element

CMP Chemical Mechanical Polishing

CNLS Complex Nonlinear Least Squares

Cu Copper

Co Cobalt

Conc. Concentration

dc Direct Current

EDL Electrical Double Layer

EEC Electrical Equivalent Circuit

EIS Electrochemical Impedance Spectroscopy
FESEM Field Emission Scanning Electron Microscopy
FTIR Fourier Transform Infrared Spectroscopy
g Gram

IC Integrated Circuit

ILD Interlayer dielectrics

KKT Kramers Kronig Transform

M Molar

mM Milli Molar

max Maximum

MOC Materials of Construction
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MRR
oCP
PMD
PP

RIE EB
RMA
RR

Ru

SOD
SEP
SER
SQP

TGA

UV Vis

XPS
XRD
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Material removal rate

Open Circuit Potential

Pre-metal dielectrics
Potentiodynamic Polarization
Reactive ion etching and etch back
Reaction Mechanism Analysis
Removal Rate

Ruthenium

Second

Spin on deposition

Spin etch planarization

Static Etch Rate

Sequential Quadratic Programming
Thermogravimetric Analysis

Time

Ultra Violet Visible Spectrophotometer
Volt

Weight

X-ray photoelectron spectroscopy

X-ray Diffraction
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CHAPTER 1

1. INTRODUCTION

1.1 Overview

With the passage of time, technologies have permeated into every aspects of our day-to-day
life starting from mobile phones, GPS facilities to entertainment gadgets etc. These technology
wonders are the results of the advancement of semiconductor manufacturing processes. The
semiconductor enterprises have been experiencing the steady change for more than six decades.
However, in the most recent decade, the advancement in semiconductor industries has been
fast, especially in manufacturing of integrated circuits (IC). With the advancement of
semiconductor manufacturing techniques, the power of electronic goods and circuit complexity
at the wafer level are increasing whereas the size is comparatively decreasing day by day.
Without the continuous decrease in size of the semiconductors, it is difficult to build the

advance microelectronic devices.

The successful fabrication of the smaller features on a wafer is mainly dependent on the
lithographic step. The lithographic tool should have the capability to focus all points on the
wafer to create the required minute structures on features. However, while reducing these sizes;
the depth of focus is also compromised and a minuscule mistake in the surface might lead to
performance degradation of the devices. To prevent this challenge the polishing process such
as Chemical Mechanical Planarization (CMP) was first brought into existence in early 1980’s

by Klaus D. Beyer(Beyer, 1999).

1.2 Importance of CMP

A single chip consists of many active (transistors, diodes etc) and passive elements (capacitors,
resistors etc) which are connected with a conductive wire in order to complete a circuit (L1,

2007).With the decrease in size of the chips, both complexity increases and demand for a
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precise and efficient interconnect system. Employing a multilevel interconnect system across
the elements is one of the signification solutions to it. This reduces the signal processing delays
as well as improves the chip performance. However, with the incorporation of multilevel
interconnect system, surface roughness has become a major issue. This surface roughness
effects negatively on the efficiency and accuracy of pattern transfer in photolithography
resulting in failure of the multilevel interconnect network. Thus, to achieve an effective
planarization, the CMP process was implemented. The other yield related issues that CMP

eliminates are missing contacts, undesired leaks, electro migrations etc.

Devising of interlayer dielectrics (ILD) and planar pre-metal dielectrics (PMD) on the wafers
are two of the most implemented steps of CMP. CMP of PMD is conducted to planarize
between the back-end devices and front-end active devices. Whereas CMP of ILD is done to

planarize the metal layers in the back end.

1.3  Advantages and Disadvantages of CMP

The different methods that can be implemented to obtain global and local planarization are spin
etch planarization (SEP), reactive ion etching and etch back (RIE EB), spin on deposition
(SOD), reflow of boron phosphorus silicate glass (BPSG), CMP etc. However, amongst all
these techniques, CMP is preferable as it offers both excellent local and global planerites along
with surface smoothing at the same time unlike the other methods which deliver only one of

them at a time. Some of the advantages and disadvantages of CMP are listed herewith:

1.3.1 Advantages
e Achieves both global and local planarization.
e Multiple materials can be planarized at the same polish step.
e Easier to etch metals and alloys, thus providing an alternative means to eliminate the

use of plasma etch.

TH-3022_166107118



e Increases IC reliability, speed and yield (low defects) of the 0.5 um and lower sized
devices.

e Eliminates the use of any hazardous gas (dry etch process).

e Eliminates sidewall thinning of the planarized surface caused as a result of poor PVD

deposition process.

1.3.2 Disadvantages

e CMP being a new technology used to planarize wafer, control over process variables is
relatively low.

e Could be critical for the yield of sub 0.25 um sized devices.

e Requirement of proper maintenance and restoration of the CMP parts at a frequent

basis.

1.4 Applications
CMP was initially implemented to planarize the interlayer dielectric (SiO2) in a multi-layered
metallization scheme (Zantye, Kumar and Sikder, 2004). After its successful implementation,

the use of CMP has been inflated to:

o Different metal polishing such as Al, Cu, Ta, Ti, Pt, Au, etc.

¢ Polishing of doped/undoped oxides of Si, low-k dielectrics, insulators such as SizN4 etc.

1.5 Basics and principle of CMP

By definition, CMP is a process where the collaborative effect of the chemical and mechanical
actions improvises the material removal rate (MRR) to give a near perfect planar surface on
which layers of integrated circuitry are to be assembled. The unwanted materials on the wafer
are removed by using a chemical slurry in complement with the mechanical impacts.

The three salient elements in the CMP process are: a) entity to be polished b) polishing pad and
¢) polishing slurry. The sample/metal/dielectric coated wafer is mounted on the holder and the
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surface to be polished is pressed upon a polymer-based pad. Slurry containing abrasives and
chemical reagents are allowed to flow between the sample surface and the pad. The
simultaneous rotation of the sample holder and the polishing pad (usually circular) on its own
axis causes removal of the material. The polishing pad is attached on the platen and a membrane
like object is mounted on the sample holder to apply appropriate downforce on the sample. The
applied force usually lies in the range of 1-10 psi (Oliver, 2004). The planarization ability of

the CMP process is measured by calculating the removal rate by weight loss method given by

nm
Removal rate (RR) (—) [1.1]
min

Weight loss (gm) X 107

- Density ((‘:gm—m3) X Time (min) X Surface area(cm?)

The typical CMP equipment that are commercially available in the industries can be segregated
into four section (a) rotary-type polisher where the sample carrier and the platen move in
reciprocation; (b) rotary-type polisher with an oscillating carrier; (c) orbital-type polisher with
orbital rotating platen; and (d) linear-type polisher where the polishing pad is a linear motion
belt. It is to be noted that the table diameter for most of the commercial CMP machines are in
the range of 20-26"(Oliver, 2004). Such CMP machines which are commercially used, usually
polish one wafer at a time.

A typical CMP process is displayed in Figurel.1. As shown, the slurry comprising of abrasives
and different chemical reagents are allowed to dispense from a tube to the pad and the surface
of the sample to be polished. As the platen and the sample rotates, the slurry envelops into the
groves of the polishing pad and comes in proximity with the surface of the sample to be

polished. The relative motion between the sample and pad with adequate of downforce applied
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on the sample will cause the required removal of material. The sample moves relatively to the

pad and the material removal rate is governed by Preston’s law (Qin, Moudgil and Park, 2004):

Removal Rate (RR) = K, X P X v [1.2]

Here, Ky stands for Preston’s coefficient (constant), P stands for pressure applied on the sample

surface and v for relative velocity between the sample holder and pad respectively.

Down Force Slurry
Wafer Carrier /plh d
Wafer ' p 0 olishing pa

N 0 A

'

Platen

Figure 1. 1 A Schematic diagram of Chemical Mechanical Polishing Process

1.6 Factors/Variables/Parameters Governing the CMP

The output variables such surface smoothness, the uniformity, the material removal rate etc
determine the efficiency of a CMP process/machine. However, the factors or input variables
relating to sample-pad interaction play a very prominent role in achieving this efficiency. The
ultimate polishing rates obtained is the synergetic action of the input variables. Some of the
input variables and output variables (Li, 2007; Baklanov, Ho and Zschech, 2012) for the CMP

process are as follows:
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1.6.1 Input Variables (Li, 2007)

e Process parameters: Down force, linear velocity, flow rate of the slurry.

e Slurry chemistry: Abrasives, oxidizers, complexing agents, inhibitors, surfactants, pH
tuners, pH.

e Pad properties: Pad uniformity, conditioning, mechanical strength.

e Substrate properties: Wafer size, wafer layer and its strength, size to density ratio.

1.6.2 Output Variables(Li, 2007)

e Polishing rate

e Polishing efficiency

e Surface texture

e Selectivity between metals

e Uniformity amongst multiple wafer

e Surface Uniformity

e Dishing and erosion

A Dbrief illustration on the major parameters such as slurry chemistry, machine parameter,

and material removal rate are as follows:

e Slurry chemistry: The slurry comprising of abrasives and other chemical reagents such
as oxidizer, complexing agent, inhibitor, surfactant etc. in DI water is the most complex
component consumed in a CMP process (Zhao and Lu, 2013). The pH value of the
chemical slurry along with the particle size, concentration of the chemicals and
abrasives used play an important role in providing excellent local and global
planarization in a CMP process. An ideal CMP slurry should have the capability to
provide uniformity with good surface quality, desired removal rate, desired selectivity,
less failure along with reduced corrosion. The slurry being the most complex
consumable in a CMP process, mechanism related to it and its interaction with the pad
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and the wafer/samples are the most unexplored part in a semiconductor fabrication
process.

e Machine parameters: As mentioned above, the CMP process involves both chemical
and mechanical actions. This collaboration has been the concern of numerous
investigations; however, focus was mainly on the mechanical impacts as understanding
the chemical mechanism was complicated. However, mechanical impacts can't alone
affect the global planarity and diminish the micro scale roughness of IC fabrication as
the contribution of the chemical reagents also has a prime role on it. The variations in
different machine parameters are the initial adjustments made in the CMP process to
acquire desirable results (Zantye, Kumar and Sikder, 2004).

e Removal rate: Removal rate of a particular metal to be polished is highly dependent
on the slurry chemistry used in the CMP process. Different components used in a slurry
have different impact on the removal rate. The oxidizer accelerates passivation on the
metal surface (due to anodic shift of corrosion potential) (Ein-Eli and Starosvetsky,
2007). Complexing agents are added to form soluble compounds and to get an enhanced
etch rate and a desired removal rate (Ein-Eli and Starosvetsky, 2007). Inhibitors plays
an key role in controlling the corrosion damage on the metal caused due to exposure of
various chemicals during CMP process (Ein-Eli and Starosvetsky, 2007). The slurry
pH has a significant role as the oxidation state of the metal along with the compounds
formed on its interaction with the chemical reagents are highly reliant on the pH value
of the system.

e Selectivity: The selectivity is one of the most important criteria in formulating a CMP
slurry. The ratio of removal rate of a given material as compared to the other material

on using the same slurry gives the selectivity. Selectivity is important when a slurry
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need to remove the materials at a time, example: the interconnect and the barrier metal

or the underlying dielectric materials.

1.7 Challenges in CMP

CMP involves a balanced requirement of both chemical and mechanical processes to obtain
the required removal rates. For a CMP process that is inclined more towards the mechanical
nature, the removed material from the surface will mainly be insoluble byproducts which might
cause redeposition onto the material surface (Steigerwald et al., 1995). Also, the final surface
will be too rough in nature. This roughness/scratches might affect the electrical performance
of the interconnects. Similarly, if the CMP process is too inclined towards the chemical process,
achieving as well as maintaining the surface planarity would be a challenge (Steigerwald et al.,
1995). This would increase the surface roughness and thereby resulting in decrease of electro
migration resistance. Hence, a balance of both chemical and mechanical activity is required in
order to achieve planar surfaces of higher quality. Some of the other common challenges faced

during a CMP process due to the various CMP parameters are discussed below:

e Challenges due to polishing pad:

MRR and surface uniformity of the material polished is strongly dependant on the hardness of
the polishing pad. Porous polyurethane having a filler substance for modifying the hardness is
usually used as polishing pad. The type of pad (hard pad or soft pad) required in a CMP process
is strongly influenced by the material being used and the different steps it undergoes. The
physical properties of a pad such as surface roughness, hardness, compressibility, elastic
modulus etc varies due to mechanical stress and the chemical reaction occurring on the surface
of the pad. This effects the overall CMP process. In order to avoid the mentioned issues and
maintain the pad performance, a pad conditioning process is introduced. Another important
factor that decides the pad performance is the groove design of the pad. A well-designed groove
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is mandate for proper flow of the slurry and removal of the polishing residues. To procure a
uniform planarity, it is necessary to ensure that there is symmetrical contact between the pad
and the surface to be polished (Steigerwald et al., 1995). A smoother rigid pad usually serves
this purpose as it avoids any sort of bending.
e Slurry complexity:

Understanding the complexity of a slurry and how it reacts with the material to be polished is
one of the most principal challenges in a CMP process. The primary requirement of a well
formulated slurry is that it should properly dissolve the mechanically abraded debris from the
polished surface. Failure in dissolution would result in lower polish rates as the debris settled
on the metal surface as oxides could not be mechanically abraded alone and efficiently. The

second requirement of the slurry is that it should planarize the surface uniformly.

e Passivation of metals:
Based on the solution pH and high metal surface energy, the metals tend to passivate.
Passivation or development of a protective stable film on the surface is essential to prevent or
diminish unwanted metal reactions with the surrounding environment. Passivation, which is
one of the important steps of semiconductor fabrication is required to prevent oxidation and
damage of the metals (specially interconnects/barrier) during processing, storing or removal of
contamination during post CMP process (Park, Paluvai and Venkatesh, 2018). In order to get
a proper passivation film, understanding the surface chemistry along with proper screening of

the passivating agent is required.

1.8  Evolution of CMP

1.8.1 Interconnect Materials

The urge of producing higher performance products, weensy structures at lower unit costs is
the prime driving force for instigating new materials or technologies or innovations in the
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semiconductor industry(Hazarika, Patil and Rajaraman, 2020). Fabrication of transistor device
is known as the front end of the line (FEOL) whereas back end of the line (BEOL) is the
interconnect part (both local and global wiring) affixing different elements in a circuit
(Krishnan, Nalaskowski and Cook, 2010).

With the miniaturization of feature size of the semiconductor devices to less than 0.5 um, a
delay in the signal process comes into existence which hinders the improvement of device
performances. The two types of delays are intrinsic gate delay and interconnect delay. The time
required in switching the transistor from on to off or vice-versa is the intrinsic gate delay
whereas time taken in a circuit for a voltage/signal to pass from the source to the end of the
line is known as the interconnect delay. With the reduction of device size below 0.5 pm,
interconnect delay overrules. Intrinsic resistance (R) of the metal lines and capacitance (C) of
the dielectric material are the two prime components of interconnect delay (also known as RC
delay). To reduce this interconnect delay that comes with miniaturization of chips, aluminium
(Al), the customary interconnect material is replaced with a finer conductor copper (Cu) and
SiO> is been substituted with low-k dielectric materials.

Aluminium (Al) with a resistivity of 2.66 uQ cm was the first-generation interconnect
material(Li, 2007). However, it was found that the resistance and signal delays can be reduced
by opting for a lower electrical resistivity metal. A wide variety of metal was suggested for that
in the 1990s. Gold and silver are amongst the few to be named. Silver has lower resistivity as
compared to Al, but is easily susceptible to corrosion and electro mitigation. Unlike silver, gold
had better corrosion resistance and electro mitigation but the conductivity of it is equivalent to
that of Al. Hence, taking all the necessary factor into consideration, copper (Cu) having a
resistivity of 1.67 uQ cm and exceptional resistance to electro migration as compared to Al
was selected as the interconnect material. Copper interconnects which are still in use was

introduced in 1997. It is to be mentioned that in the BEOL part of the semiconductor device, a
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dielectric based material is used to isolate the copper lines. Typical silicon-based material is
usually used as the dielectric materials however studies are going on currently to replace it with

ultra-low- k materials, e.g.; SICOH.

Although Cu is considered as the most promising interconnect materials, it adheres poorly to
the dielectric materials, i.e. it is highly mobile and liable to diffuse into dielectric material. This
would deteriorate the device performance. Therefore, to address these matters, a barrier metal
is introduced between the Cu and the dielectric. The deposition of the barrier metal is done
prior to Cu deposition in order to isolate it from the dielectric material. Some of the barrier
materials are Ta, TaN, Mn, Co, CoMn, TaC, Ru, Mo etc. The major requirements for a material

to act as suitable barrier metal:

e The barrier metal should not affect the conductivity of the system and should have a lower
resistivity to both the Cu and the dielectric. However, an acceptable conductivity of the
barrier metal is necessary for depositing the interconnect on it.

e It should obstruct Cu diffusion to the dielectric even at high temperatures.

e The barrier metals should properly adhere to both the dielectric and Cu and should be
capable enough to avert any sort of external stresses.

e There should be negligence galvanic corrosion between the Cu and the barrier metal.

e The barrier layer should be inert to both Cu and the dielectric.

e Most importantly, selective removal with adequate process parameters should be fulfilled
to attain a global planarization.

1.8.2 Introduction of Ruthenium (Ru) and Cobalt (Co) as barrier for Cu diffusion

It is not possible for a material to have all the properties as per mentioned above to act as a

barrier metal. Therefore, a material is chosen based on some important properties

compromising with the others. Tantalum (Ta) being nonreactive with Cu and having ability to
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withheld its diffusion to 600 °C was considered as the first-generation barrier metal for Cu (Tan
et al., 2022). However, beyond 600 °C, Cu diffuses through it forming Ta silicides(Abu-Zeid,
Yousef and Kordia, 1992; Halloway et al., 1992).To improve barrier properties of Ta by
blocking the Cu diffusion, impurities (such as nitrogen) were added to the Ta film(Min, Chun
and Kim Ki-Bum, 1996). However, the Ta/TaN resists direct deposition of Cu on it, as a result
of which Cu-seed layer deposition became a necessary step prior to every physical vapor
deposition (PVD) of Cu (Sverdlov, 2011).

However, with the shrinkage of the technology node to less than, maintaining the thickness,
integrity and diffusive barrier property of Ta/TaN film has become a major challenge(Hazarika,
Patil and Rajaraman, 2020). Therefore, to overcome these challenges several other barrier
materials namely Co, CoMn, Mn, CuMn, TiZrN, TaC, WSIN, BN, Ru, Mo etc were
investigated(Qu et al., 2004; Tiruchirapalli N Arunagiri et al., 2005; Shima, Fukunaga and

Tsujimura, 2007).

Barrier metal, Ruthenium (Ru): Ru being a low electrical resistivity (7.6 pQ cm) metal with
high melting point (2334 °C) and no reactivity with Cu was considered as a good contender for
the existing barrier metal(M Damayanti et al., 2006; Amanapu et al., 2013). Unlike Ta/TaN,
direct electroplating of Cu on Ru was feasible thereby putting an end to the need of Cu seed
layer deposition(Josell et al., 2003; Seo et al., 2011; Amanapu et al., 2013). Because of these
many characteristics, Ru is proposed to be one of the encouraging candidates as diffusion
barrier of Cu(Lee and Park, 2004; Ranaweera et al., 2019; Zhang, Wang and Lu, 2020).

Barrier metal, Cobalt (Co): Qualities like low hardness (5.0 Mohs), low resistivity (~6.2 uQ
cm), good stability and economical, make Co as one of the most potent barrier metals for Cu
diffusion(Sagi and Babu, 2016). In addition to that, Co adheres well with Cu and thus
eliminating the need of any seed layer deposition.The next challenge, after depositing the
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barrier metal and Cu interconnect, is planarizing the surface with uniformity for the next level
metallization(Cheng et al., 2015).

Just like the dual damascene process, CMP of a metals is a two-step mechanism. The initial
step comprises of bulk removal of interconnect Cu with an effective CMP slurry under
controlled process parameters. The initial step is stopped at the slight unveiling of the barrier
metal. The secondary step comprises controlled removal of the remaining Cu along with the
barrier metal without excessing thinning throughout(Krishnan, Nalaskowski and Cook, 2010).
This demand the requirement of a slurry that can selectively (near to 1) polish the barrier metal
and Cu. Post CMP and prior to the next level metallization, the surfaces are rinsed chemically
to remove the debris or oxides. A typical CMP process is illustrated in Figure 1.2.

It is to be noted that as compared to Ru, dissolution and removal rates of Co is higher.
Therefore, the formulated CMP should be able to control the metal dissolution as well as give

a selectivity of 1.
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Figure 1. 2 Process flow in interconnect Cu CMP, (a) patterning inter layer dielectric
(ILD), (b) conformal deposition of Ru, (c) copper Electrodeposition, (d) After Cu CMP

steps 1 & 2.

1.8.3 Galvanic Corrosion

By definition, galvanic corrosion is the damage that occurs due to corrosion when two
electrically different metals are exposed to one another in the presence of an electrolyte. Here,
corrosion observed is more on the active metal rather than the noble one. The active metal

corrodes faster than normal, whereas the noble one corrodes slowly or might not corrode at all.
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In the same environment, the more active metal usually acts as the anode while the more noble
metal acts as the cathode. The electrolyte acts as a medium for ion transfer from the anode to
the cathode. Difference in potential between the metals is the prime instigator for galvanic
corrosion. The other factors influencing galvanic corrosion rates are ratio of area of contacts
between the metals, cathode efficiency, electrical resistance between metals and the

environment etc.

Cu/Ru galvanic corrosion: In a typical galvanic couple, Ru usually acts as the cathode
whereas Cu as the anode giving rise to differences in open circuit potentials (Eoc) between the
two metals(A et al., 2009; Peethala, Roy and Babu, 2011a; Cheng, Wang and Lu, 2017). The
Eoc difference is solely dependent on the electrolyte (slurry in case of CMP process)(Cheng,
2017). Therefore, in order to minimize galvanic corrosion, the formulated slurry should have
the capability to deduce Eoc difference between the two metal (Cu/Ru). The slurry should
contain additives which suppresses cathodic reactions of Ru and anodic reaction of Cu.
Cu/Co galvanic corrosion: Unlike Cu/Ru galvanic couple, Cu act as the cathode and whereas
Co acts as the anode in a Cu/Co galvanic couple(Bian et al., 2020). Co being the more active
metal with lower standard potential undergoes faster dissolution than normal when in contact
with Cu in a reactive environment (CMP slurry)(Bilouk et al., 2009a). Therefore, in order to
diminish galvanic corrosion, the formulated slurry should contain chemical reagents which
would either lower the Eoc of Cu or escalate the Eqc of Co respectively(Cheng, 2017).

1.9 Electrochemistry

Electrochemical methods are employed to monitor and understand the electrochemistry and
corrosion process of the metal in a solution. A metal in contact with a solution undergoes
electrochemical reaction as show in the following equations 1.3 and 1.4. To get a detailed view
of the reactions occurring on the barrier metal and Cu in the formulated slurry, electrochemical

studies are being performed.

15
TH-3022_166107118



M > M* + e~ [1.3]

2H,0 + 0, + 4e~ — 40H"™ [1.4]

Some advantages of using electrochemical technique to study corrosion are its speed, non-
destructiveness, high resolution and detailed mechanistic information. The three main sources
of analytical signal are potential, current and charge. The different electrochemical techniques

employed in electrochemistry to understand the metal corrosion in detailed are as follows:

1.9.1 Open circuit potential (OCP)

Open circuit potential (OCP)/corrosion potential/ equilibrium potential /rest potential, is the
initial step for most of the electrochemical experiments. OCP is the steady state potential
developed at the working electrode surface with respect to the reference electrode in a corrosive
environment. OCP occurs when the cathodic reactions are in equilibrium with the anodic
reaction rates without any applied current or potential i.e. the electron flow rate in the system
is zero. If the OCP is stable, it signifies that the working material has reached its equilibrium
with the electrolyte and further experiments can be carried out on the particular system. A

typical OCP curve vs time is illustrated in Figure 1.3.
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Figure 1. 3 An OCP vs time representative curve

The two most important parameters to understand the corrosion behavior of the metals in a
solution are the corrosion potential (Ecorr) and corrosion current (lcorr). Ecorr gives us an idea
about corrosion condition of the metal whereas lcorr enlightens us with the real time corrosion
rate data(Orazem and Tribollet, 2008). However, as the lcorr , the summation of (lox +lred)
(equations 1.5) equals to zero at OCP, it is not possible to measure the lcorr Value directly at this
condition. Therefore, to get clear idea about the corrosion rate, the lcorr Value is measured using

potentiodynamic polarization.

I = | oo TR

summation corr 0X red

=0 [1.5]

1.9.2 Potentiodynamic polarization (PP)

The Potentiodynamic polarization (PP) is useful to estimate the corrosion rate and investigate
the inclination of materials toward corrosion. PP technique involves sweeping the potential
(either in positive or negative direction w.r.t. OCP) of metal sample (working electrode) toward

a final potential which is away from the OCP. Change in potential is the driving force in PP
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method. The current in PP which is measured by a potentiostat is monitored as a function of

time or potential.

Polarization curve displayed in Figure 1.4 is the plot of potential (volts,V) vs logarithm of the
absolute current (ampere w.r.t to exposed surface area of electrode A/cm?) under steady state
conditions. As the current density magnitudes are different, for easier demonstration
logarithmic values of the absolute current are taken into consideration during plotting. The
curved line observed in Figure 1.4 is the summation of the currents (cathodic and anodic) at
different potentials of the working electrode. The point marked ‘A’ in the figure is corrosion
potential or OCP. The lower part of the curve w.r.t. to OCP is cathodic polarization curve
(cathodic current is dominant) whereas the upper part of the curve w.r.t. to OCP is the anodic
polarization curve (anodic current is dominant). The point of intersection of the extrapolation
of the linear section of the cathodic and anodic curve as shown in Figure 1.4 gives the Ecorr and
lcorr Values of the system. Higher lcorr Values signifies more corrosion rate (Orazem and
Tribollet, 2008). It is to be noted that current is measured if PP is conducted through
potentiostatic polarization and voltage is measured is PP is performed through galvanostatic

polarization.
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Figure 1. 4 A polarization curve obtained from potentiodynamic polarization

measurements

When the working electrode acts as an anode, anodic polarization (equations 1.6) occurs by
releasing electrons and the potential moves more on the positive direction. Here, the anodic
current is considered to be positive. On the other hand, cathodic polarization occurs when

electrons cohere to the surface of the working electrode (equations 1.7). Addition of excess

electrons to the surface, in some cases causes electrodeposition. Overvoltage (77) which is the

difference between the final potential and equilibrium potential is negative in this case. Here,

formation of metal ions is lower than the deposition rate.

Metal —ne~ —> Metal™* [1.6]
Metal™ +ne~ —> Metal [1.7]
19
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To get a better understanding of the oxidation and reduction processes with the assumption that
that the anodic and cathodic reactions are controlled by the kinetics of electron transfer at the
surface of the metal, the following two models were proposed: Butler-Volmer equation and

Stern-Geary equation.
Butler-VVolmer equation:

This basic model estimates the corrosion rate of the system by respectively calculating the
corrosion current (leorr). To find the Icorr values both the cathodic and anodic reactions of the
tafel equation (equations 1.8) are taken into consideration which is displayed in equations 1.9

(Faulkner, 2000)

2.303(E-E?) [1.8]
I=1°le 7

Here, 1 (A) and 1° (A) are the reaction current and reaction dependent constant (exchange
current) respectively. E (V) signifies the applied electrode potential whereas E° (V) the
equilibrium potential. The Tafel constant (constant for particular reaction) of the reaction is

given by g (V/decade). Log of 10 is represented by 2.303.
The Butler-Volmer equation* is given by

2.303(E—Eqyyy) ~2.303(E-Eqy,,) [1.9]
I=1_l|e % —e %

I (A), lcorr (A), E (V) and Ecorr (V) signifies the measured cell current, the corrosion current, the
applied electrode potential and the corrosion potential. . (V/decade of current) and fc

(V/decade of current) are the respective anodic and cathodic Tafel constant. At high cathodic
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_2-303(E_Ecorr )

Be

overpotentials, the cathodic compound | € equals to 0 whereas at higher anodic

2-30:')’(E_Ecorr )

: . A .
overpotentials, the anodic compound | € equals thereby reducing the Butler-

Volmer equations to respective Tafel equations.

» |°(e 2.303(E—E°)) [1.10]
B,

| |°(e 2.303(E—E°)j [1.11]
A

Stern-Geary equation:

Some of the approximations of Butler-Volmer equations are as follows: (a) potential deviates
+ 10-25 mV w.r.t. Ecorr Or OCP, with the resulting curve being a straight line whose slope has

2.303(E-E°)
a unit of resistance; (b) [e s ] of the Taylor equation is expanded neglecting second and

higher order terms. Simplifying and rearranging the Butler-Volmer equations®, the Stern-

Geary equation (equations 1.9) is obtained.

_1( BB [1.12]
corr Rp 2.303(,Ba+ﬂc)

Here,

R =(£J
P AI AE—0

[1.13]
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Here, Polarization resistance, Rp () signifies the resistance against oxidation of the corroding
species when a potential is applied. Lowers the corrosion rate, higher will be the R, values and
vice versa. lcorr (A) stands for corrosion current and Sa (V/decade of current) and S (V/decade
of current) are the respective anodic and cathodic Tafel constant. AE which almost nears to

Ecorr IS the applied potential difference whereas Al is its associated polarization current.

1.9.3 Electrochemical Impedance Spectroscopy (EIS):

Different types of reactions such as electrochemical, diffusion, adsorption-desorption etc
occurs at the working electrode-electrolyte interface and in the bulk solution. Electrochemical
impedance spectroscopy which has capability to measure the impedance precisely even at very
low frequencies (1 mHz) is useful to investigate such mechanisms. The information that can
be obtained from EIS are adsorption/desorption/diffusion of compounds, passive layer
formation, faradic/non-faradic reaction, electrical double layer formation etc. Impedance
spectroscopy employs a small amplitude, alternating voltage signal perturbation to record the
response of the electrochemical system in terms of AC current. Small amplitude AC signal

perturbation is employed to get a linear or pseudo linear output response of the system.

Ohm’s Law (E=IR) states that the capacity of an element to endure the flow of electric current
is known as resistance. However, impedance implies for circuit elements which are much more
complex and tougher to understand as compared to resistance. Therefore, in simpler words it
can be said that, impedance is the frequency dependent resistance (opposition of any form) to
current flow of a complex circuit element that consists of not only resistors but also capacitors,
inductor etc. It is to be noted that unlike resistor, inductor and capacitor has an imaginary
component and is dependent on frequency.(Brett, Brett and Electrochemistry, 1993; Faulkner,

2000).The impedance of resistor, inductor and capacitor are as follows:
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Table 1.1: Electrical components vs. impedance

Component Current vs. Voltage Impedance
Resistor E=IR Z=R
Inductor E- Ld—l Z=joL

dt
i 1
Capacitor | :Cd—E Z-_
dt jwC

Here, E stands for applied voltage, I, R, L and C are the current, resistance, inductance and
capacitance respectively. o and t are the angular frequency and time whereas j stands for V-

1which is an imaginary component.

As already mentioned, a small amplitude, alternating voltage signal perturbation is employed
to obtain the impedance data. The perturbation and the measured output response signal in

sinusoidal form is given by the following expression (equation 1.14 and 1.15 respectively):

E, = E, sin(wt) [1.14]
l, =1, sin(at + @) [L.15]

Here,
[1.16]

w=2rf

E: (V) and Eo (V) signifies the potential {at time(t)} and amplitude of the applied signal. It (A)
and lo (A) are the ac current response {time t (S)}and the amplitude current respectively. ®
stands for angular frequency (rad s™) and f (Hz) for frequency. ¢ is the phase shift with respect

to the input voltage signal.
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Therefore, combining equation 1.14 and 1.15, impedance (Z) can be represented as:

E __Esin(@t) _, _sin(t) [1.17]
I, 1 sin(wt+¢) °sin(ot+g)

Here, Zo (Q) signifies the magnitude of impedance.

Expressing the impedance data (in complex form) using Euler’s relationship

(e¥ =cosg+ jsing) is as follows
Z(w) :% =Z,e" =e¥ =7 (cos ¢+ jsing) =[Z|(cos ¢ + jsin 4) =[ (Re(2))’ +(|m(2))2]“2 (cos g+ jsing)

[1.18]

Here,

_ . Im@)
¢=(argZ) =tan (Re(Z)j

[1.19]

The EIS data is represented either by Nyquist plot (real part of impedance data vs imaginary
part of impedance data) or Bode plot {Bode modulus (impedance vs log of frequency) and
bode phase plot (phase shift vs log of frequency). It is to be noted that, although both plots give
similar information, unlike Bode plot, Nyquist plot don’t display the frequency at which the
impedance data are being noted. Typical EIS plots {(a) Nyquist (b) Bode modulus (c) Bode

phase plot} are illustrated in Figure 1.5.
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Figure 1. 5 A standard EIS plot (a) Nyquist (b) Bode modulus (c) Bode phase

The impedance data obtained can be modelled through two different approached: Electrical

Equivalent Circuit (EEC) model and reaction mechanism analysis (RMA).

1.10 Electrical Equivalent Circuit Model (EEC)

The physio chemical process occurring at the bulk solution and solution metal interface are

evaluated using the Electrical Equivalent Circuit (EEC) model. The experimental data is fitted

with the best fit EEC or Voight circuit. A typical circuit known as Randles circuit is displayed

in Figure 1.6.(Orazem and Tribollet, 2008).

R

AW

TH-3022_166107118

CPE
| |
|1

Rct

Figure 1. 6 The Randles circuit
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Here, (Rso) signifies solution resistance, Rt is the charge transfer resistance, Ca signifies
double layer capacitance and W stands for Warburg impedance. For a given impedance data,
the circuit elements of fitted EEC circuit could be in both series and parallel connection.
Elements in series signifies, that similar current passes through all the elements whereas
elements in parallel signifies that the current through each element sums up to the total current.

Representation of the EEC elements and its relation with impedance is displayed in Table 1.1

Table 1. 1 EEC elements and its relation with impedance.

Impedance
Elements representation
(Unit)
Capacitance (C) "{ I—C ](%C (F)
Resistance(R) o \,/\[{ R (Q)
Inductance (L) '\-QQJFC JoL (H)
1 -
Yoi(jw)™ (Q
Constant phase
e
element (Q /CPE)

1.11 Reaction Mechanism Analysis (RMA)
Reaction Mechanism Analysis (RMA), which is a modeling approach gives a detailed
understanding about the reactions/electrochemistry/corrosion occurring on the metal solution

interface. Based on the impedance data, different reaction mechanisms are proposed for a
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particular system. However, the simulated data obtained from a particular mechanism which

fits best with the experimental data are taken into consideration.

Thus, the intention of this study is to formulate suitable slurries for Cu-Ru and Cu-Co CMP
with desired removal rate selectivity. In addition to that, the study also focuses on tailoring a
slurry that would give reduced potential gap between Cu-Co galvanic couple. Also, the
dissolution behavior of Co in the solution of interest is investigated using previously mentioned
electrochemical and it supporting techniques. In Chapter 2, a substantial literature study is

given.
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CHAPTER 2

2. LITERATURE REVIEW

Chemical mechanical polishing (CMP) which was first employed for BEOL metallization in
the early 1990s, has emerged out as an enabling technology for planarizing materials in the
semiconductor industry. CMP is extensively used in microelectronic chip fabrication industries
to polish the surfaces of various materials such as copper, ruthenium, tantalum, tungsten,
dielectric materials such as silicon dioxide and so on.

The investigations done on CMP, along with corrosion related studies by different researchers
till date mainly on Cu, Co and Ru are presented in this section. Studies related to CMP on the
first-generation interconnect, Al and first-generation barrier metal Ta/TaN are also reported in

brief. This section is categorized into 5 sections, i.e. study on Al, Cu, Ta/TaN, Co and Ru.

2.1 Aluminum (Al), the first-generation interconnect

As mentioned earlier Al, a polycrystalline material having low cost, good conductivity, easier
to etch and deposit, better adherence to both silicon and silicon dioxide has emerged as an
interconnect in the earlier times.(Kinzelmann et al., 2012) Various studies were carried out to
study the CMP of Al.(Chen et al., 2018) Easily removable aluminum hydroxide layer forms on
the metal surface when treated in alkaline solutions.(Zhang et al., 2016) Alumina nanoparticles
combined with H.O> were effective in removing the steady passive layer formed on Al surface,
however a deformed surface was observed.(Ng et al., 2007) A chemical free CMP slurry
containing only inorganic resin abrasives gave a scratch free Al surface with high removal
rates.(Yano et al., 2001) Ahn et. al. (Ahn et al., 2004) observed a similar result comprising of
reduced scratches and higher removal using colloidal silica as abrasives in the CMP slurry. The
formation of scratches can also be reduced by using a chemical wafer buff process along with

a soft pad at lower downforce.(Hsien et al., 2012) Use of novel chelating agents, FA/O | and
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FA/O Il surfactants in a H2O, based slurry also gave similar results.(Feng et al., 2016) It was
seen that the formation and dissolution of the passive layer is highly influenced by the pH value
of the system and optimized selections of chemicals. Wang et.al (Wang et al., 1998) reported
that dissolution of Al compounds is directly proportional to the concentration of glycine and

pH of the slurry.

However, the Al CMP process is overshadowed by the corrosion nature of Al. Al has the
tendency to corrode on the slightest exposure of solution containing such as chloride (CI),
sulphate (SO4%), nitrate (NO3’), or fluoride (F) ions.(Stupian and Fleischauer, 1981) The
reason behind the higher corrosion rate observed is due to occurrence of the following series

of equations (in terms of chlorine)(Park, Paluvai and Venkatesh, 2018):

Cl- + H,0 — HCl + OH- [2.1]
2HCl + 2Al - 2AICl; + 3H, [2.2]
2AICl; + 3H,0 - Al(OH); + 3HCI [2.3]

No additional CI"is required once HCI is formed from the reactions to corrode the Al surface.
The small amount of CI" recycles the formation of HCI thereby severing the corrosion of the

Al lines.

2.2  Study on Chemical Mechanical Polishing and Galvanic Corrosion of Copper

With the upgradation of the devices, Cu (1.67 pQ) is introduced as an interconnect in place of
Al (2.66 nQ) due to its comparatively low resistivity, high immunity to electro migration and
lower IC failure rates.(Gutmann et al., 1995; Hu et al., 1995; Paul et al., 2005) The initial step
in fabrication is deposition of copper in vias and trenches using electrochemical deposition
technique or copper electroplating. The excess copper after deposition is being removed by the

CMP technique, in order to obtain global planarization or a more uniform surface. The
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efficiency of CMP processes depends on many factors such as type of slurry composition, pH,
abrasives, polishing pad, pressure velocity, reduced erosion etc.(Zantye, Kumar and Sikder,
2004) The removal of Cu is dependent on the deposited texture as well as the impurity
content.(Feng et al., 2008) Based on SEM analysis, it is said that a lower polish rate for Cu
<100> texture is observed as compared to <200> texture. (Feng et al., 2008) Minimum strain
energy occurring from mechanical stresses for Cu <200> texture causes the higher polish rates
observed.

In a proposed slurry, the oxidizer accelerates the passive layer formation at the copper surface.
Inhibitors prevent the corrosion damages and buffering agents maintains the pH value of the
CMP slurry. Formation and deposition of insoluble compounds are lowered on the addition of
complexing agents. Different slurries for Cu CMP application are proposed till date, with
ammonium hydroxide, nitric acid and peroxide based solutions being the most prominent ones.
(Ein-Eli and Starosvetsky, 2007) Ammonium hydroxide-based slurry is strongly alkaline in
nature with pH ranging between 11 and 12 for desired polish rates. Nitric acid-based slurry is
acidic in nature with pH being around <2. (Koutec W et.al; 1990). And the pH range of
peroxide-based slurry varies from 3.5 to 4. However, Pourbaix diagram(Pourbaix, 1974)
predicts that dissolution of Cu is vigorous in the acidic range. Hence, the use of acidic solutions
is predicatively not favourable as it cannot provide copper passivity. The passive layer formed
protects the underlying bulk metal from unwanted diffusion and also hinders chemical reaction.
A thin oxide film is observed on the Cu surface when treated in aqueous solution or when
exposed to the atmosphere oxygen. Different factors such as electrochemical potential
developed at metal-solution interface and pH affect the protective properties of the oxide film.
The two-step mechanism of thin oxide layer formation is illustrated in equation 2.4-

2.6.(Griffin, 1984, Sato, 1990)
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Cu metal (M) in a reacting environment oxide form metal hydroxide ion (X"*), which adsorbs
(ads) onto the metal surface.

M(s) » M™*(ads) + ne~ [2.4]

The adsorbed ion then condenses to form a metal oxide.

M™*(ads) - M"*(oxide) [2.5]

The parallel reaction, occurring in the aqueous solution, facilities corrosion.

M™* (ads) » M™*(aq) [2.6]

The oxide layer comprises of cuprous oxide (Cuz0) as inner layer and cupric oxide, (CuO) and
copper hydroxide Cu(OH). as the outer layer. Based on porosity, the protectiveness of the oxide

layer is determined. The anodic reactions of the oxides/hydroxides formation are(Luan et al.,

2016):
2Cu + H,0 & Cu,0 + 2H* + 2e” [2.7]
Cu,0 + H,0 & 2Cu0 + 2H* + 2e~ [2.8]
Cu,0 + 3 H,0 © 2Cu(OH), + 2H* + 2e~ [2.9]

2.2.1  Ammonium hydroxide (NH4OH) based slurry

The first slurry that was formulated and practically used for copper CMP was ammonium
hydroxide.(Maugis and Pollock, 1984) The other ammonia-based slurry that were used for
CMP are ammonium nitride(Jindal and Babu, 2004) and ammonium chloride(Starosvetsky and

Ein-Eli, 2009). Presence of passive layer is usually observed in the neutral or basic pH range.
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Hence, development of ammonia containing slurry was highly preferred for Cu CMP.(Prasanna
Venkatesh and Ramanathan, 2010) Another advantage of using ammonia based slurries are
that, ammonia enhances dissolution by forming Cu complexes such as Cu(NHs)?* and
Cu(NHzs)4 2" which are soluble in this pH range, thereby preventing and deposition of unwanted
oxides on the metal surface.(Pourbaix, 1974) It is to be noted that the dissolution depends on
the concentration of ammonia.(Ein-Eli et al., 2003) The possibilities of formation of

Cu (NHs)?* decreases at lower ammonium concentration. This results in presence of insoluble
oxides and hydroxides in abundance on the Cu surface.

In a NH4OH based slurry, addition of a defined quantity of hydrogen peroxide enhances the
removal rate of Cu. (Prasanna Venkatesh and Ramanathan, 2010) The dissolution rate
accelerated due to shifting of the corrosion potential anodically. Self-passivation is not
observed on Cu in the presence of ammonium hydroxide. This explains the similar dissolution
rate observed from both abraded Cu (0.92 nm/min) and non-abraded Cu (0.91 nm/min)
coupons.(Ein-Eli and Starosvetsky, 2007)

A high polish rate with a lower etch rate is observed in ammonia based slurries, clearly
indicating that the polishing is done is purely by mechanical abrasion.(Oliver, 2004) The
addition of various oxidizing agents such as, Cu(NOs). (Steigerwald et al., 1995),
NHsNO3(Steigerwald et al., 1995) and NaClOs (Luo, Mackay and Babu, 1997) to the ammonic
based slurries also lead to active dissolution without passivation on the surface.

Copper surface morphology studied by SEM analysis shows the occurrence of corrosion in an
uneven pattern with extreme localized corrosion.(Oliver, 2004) A damage in the Cu layer could
occur resulting in breakage of the Cu interconnect. Hence, the usage of ammonium hydroxide-

based solutions in CMP slurries is not preferable.
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2.2.2 Nitric Acid based CMP Slurry

Nitric Acid (acidic slurry) which is considered to be a strong oxidizer favours the formation of
Cu?* ions thereby causing actively high dissolution of the metal in the form of Cu (l1)” ions.
The potentiodynamic studies done by Eli et.al(Ein-Eli et al., 2003) confirm active dissolution
at different concentration of nitric acid. Hence, nitric acid-based slurry is considered
inappropriate for conventional CMP of Cu. To prevent this, inclusion of inhibitors such as
benzotriazole (BTA) was suggested.(Carpio, Farkas and Jairath, 1995) BTA forms a Cu-BTA
layer on the surface thereby blocking dissolution.(Ryu et al., 2019) Repetitive formation and
dissolution of passive layer results in controlled surface polishing. A reduction in corrosion
rate with an increase in BT A concentration is observed. However, it was seen that the inhibiting
effect of BTA saturates beyond 0.01 M concentration.(Wang et al., 1997) Nevertheless, as
required, BTA does not immediately protects the metal from dissolution. This demands the
requirements of a different chemical that would give a better protection as compared to BTA.
Thus, different inhibitors were suggested such as Bis-aminazoles(EI-Naggar, 2000),
Imidazole(Lee, 2003), Citric acid(Kim et al., 2003), Hydrazine (Sekhar and Ramanathan,
2006)

However, usage of nitric acid has a drawback. Its low pH corrodes the polishing instrument,
pipelines which carry the slurry and the slurry mixing tanks. Therefore, nitric acid-based
slurries are not suggested for CMP applications.

2.2.3 Peroxide based CMP slurries

Hydrogen peroxide (H20>) being a strong and clean oxidizer can be used in different solutions
at different pH ranges.(Shima, Fukunaga and Tsujimura, 2007). The dissociation of H>O>
causes evolution of mainly hydrogen, oxygen, hydroxide-ions and water and thus, major post
CMP complication are not observed on its usage.(Ein-Eli and Starosvetsky, 2007) Oxygen was

also proposed as an oxidizer in CMP slurry but it revealed that it had lower efficiency as
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compared to peroxide(DeNardis et al., 2005). An increase in Cu dissolution due to increase in
cathodic process rate as H202 concentration (1 to 3 vol. %) increases is observed.(Kolodny,
2009) However, for concentration higher than 3 vol.%, the dissolution rate decreases due to
formation of Cu passive layer.(Kondo et al., 2000; Nguyen et al., 2001) The combination of
hydrogen peroxide, uric acid, and arginine gives a more robust polish rate and desired Cu/SiO>
selectivity as compared to hydrogen peroxide, glycine and BTA based slurries.(Prasad and
Ramanathan, 2007) Uric acid optimizes the dissolution rate of the metal by forming an
passivation film. As compared to uric acid and potassium sorbate, higher inhibition efficiency
of BTA for Cu corrosion in an alkaline media is observed.(Prasad and Ramanathan, 2007)
Low anodic current values obtained in H20,-H>O solution seconds the copper
passivity.(Carpio, Farkas and Jairath, 1995). It is to be noted that metals with corrosion rate
higher than 0.1 mm/year are contemplated highly corrosive materials. Hence Cu dissolution at
15 vol. % H20- (gives 10nm/min which equals to 5 mm/yr) cannot be considered.(Nguyen et
al., 2001)

Incorporation of inhibitors, such as ammonium dodecyl sulphate or BTA (Hong et al., 2005)
to peroxide solutions encourages a rapid copper passivity. An electrochemical study at various
concentration of H20 concludes that complexing agents are necessary for H20 solution for
dissolution of abraded Cu species. Addition of glycine as complexing agent was also suggested
to restrict the formation of oxides and hydroxides.(Hegde, Patri and Babu, 2005) (The other
complexing agents suggested were arginine(Prasad and Ramanathan, 2007), acetic acid(V R K
Gorantla et al., 2005), ethylenediamine (V R K Gorantla et al., 2005), glycolic acid(Tsai, Wu
and Yen, 2005), Phthalic acid salt(Tsai, Wu and Yen, 2005), Citric acid(V R K Gorantla et al.,
2005), Oxalic acid(Hazarika, Gupta and Rajaraman, 2022). It is to be noted that aging time

plays a key role in slurry composition and removal rate of the metal.(Kim et al., 2022)
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2.2.4 Other Slurries

Molybdenum oxide abrasives in a potassium iodate (KIOz) based slurry gave a relatively high
removal rate at highly acidic medium.(Zantye, Kumar and Sikder, 2004) Generation of I> due
to reaction between MoO; and KIOz gave an enhanced removal rate. Various other oxidizers
suggested for Cu CMP applications are KMnOs (K. V. Sagi et al., 2016); KIOz(Hegde, Patri
and Babu, 2005); Carbonate and Sorbate based solutions(Ein-Eli and Starosvetsky, 2007), etc.
It is observed that addition of small amount of 5-methyl-benzotriazole (MBTA) in place of
BTA served the purpose of an effective inhibitor.(Ryu et al., 2019) Also, polyvinyl pyrrolidone
(PVP) proved to be a better inhibitor as compared to BTA.(G. Yang et al., 2019) PVA protects

the metal surface by adsorbing physically on the exposed layer.

2.3  Study on Chemical Mechanical Polishing of Tantalum and its Nitride
(Ta/TazN/TaN)

Due to the poor adhesive properties of Cu with the dielectric material, it diffuses into it thereby
depreciating the circuit performance. Hence, in order to avoid this issue, barrier material was
introduced in between the interconnect and the dielectric. Tantalum (Ta) is the first generation
of barrier material used in the semiconductor industry.(Min, 1996) Tantalum (Ta) with ability
to avert Cu diffusion up to 600 °C as well as being non-reactive with Cu was considered as one
of the elementary metals for Cu barrier metal (~50 nm thick deposited on Si).(Edelstein et al.,
2002) However, beyond this temperature, Cu diffusion through Ta and formation of Ta silicide
was observed.(Min, 1996) Thus, to enhance the barrier properties of Ta and to prevent Cu
diffusion, impurities such as nitrogen was added to the Ta film resulting in formation of
Ta/TaN/ Ta2N. In a semiconductor industry, a selectivity of 1:1 of removal rates for the Cu and
the barrier metal is required. Shukla et al(Shukla, Selvam and Ramachandran, 2022) reported

that addition of uric acid to Na2CO3 and alumina particles slurry gave the desired selectivity.
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With increase in pH towards alkalinity, Uric acid enhances the dissolution of Ta and suppresses
the dissolution of Cu. Ta undergoes oxidation and forms a tantalum pentoxide (Ta20s) layer at
all pH ranges. Ta2Os is highly stable layer, and hence, difficulty in removal arises.

2Ta + 5H,0 - Ta,0s + 10H* + 10e” [2.10]

Ta20s reacts with NaOH formed from Na.COgz and results in formation of highly soluble and
less stable NagTas O19.(Chen, Tsai and Yen, 2010)

3Ta,05 + 8NaOH — NagTagz0,9 + 4H,0 [2.11]

Different combination of chemistries used for Cu/Ta polishing are: colloidal silica,H2Oo,
tartaric acid(Janjam et al.,, 2008); alumina, H20., tartaric acid; silica, caesium
carbonate(Kaufman, C. Kistler and Wang, 2000), silica, H2.O2, glycine.(Jindal and Babu, 2004).
It is be noted that Ta or its nitrides shows a repelling behavior towards receiving Cu plating.
This demands the need of Cu-seed layer before the electroplating of Cu. With the shrinkage of
the technology node to 10 nm and below, various technological problems such as maintaining
the diffusion barrier property and the desired thickness at the same time would appear. Hence,

various other barrier metals namely Co, Ru were studied in order to substitute the Ta/TaN.

2.4  Study on Chemical Mechanical Polishing of Ruthenium

Ruthenium (Ru), a noble metal can be used as a barrier metal for lower node devices due its
various properties such as low resistivity (~7 puQ cm), high melting point (2334 °C) and
negligible solid solubility with copper.(M. Damayanti et al., 2006; K. VV Sagi et al., 2016)
However, the planarization of Ru is very challenging because of its high chemical resistance
and mechanical hardness. Hence, it was suggested that modification of the chemical

composition might enhance the removal rate of Ru. Ru is soluble in an aqueous solution in the
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form of RuO4. Hence, the slurry formulated should be such that the Ru surface should be
oxidized to RuO4 or RuO2.2H20 on the Ru surface.(Zeng, J.-X. Wang, et al., 2012; Cheng et
al., 2016) Addition of only abrasives in the slurry such as silica, alumina and ceria gave
negligible polish rate (< 1nm/min).(Peethala, Roy and Babu, 2011a; Victoria et al., 2012;
Yadav, Jitendra C. Bisen, et al., 2017) Therefore, addition of several oxidizing agents and
additives were suggested for Ru CMP. Some of the suggested oxidizers are ceric ammonium
nitrate (CAN)(Lee and Park, 2004), hydrogen peroxide (H202)(Cui, Park and Park, 2013; Duan
et al., 2015), percarbonate based slurries(Turk et al., 2013), potassium bromate(Victoria et al.,
2010a), Oxone(Victoria et al., 2012), sodium hypochlorite(Yadav, Jitendra C. Bisen, et al.,
2017) and sodium periodate (NalO4)(Cheng et al., 2015) etc.

Ceric ammonium nitrate (CAN) used as oxidizer for Ru polishing in highly acidic (pH =1)
region leads to formation of Ru20s and RuO. (Lee and Park, 2004). At acidic medium, Ru
oxidizes to form ruthenium dioxide (RuO2) which further converts to ruthenium tetraoxide

(RuOa).(Wei et al., 2007a)

Ru04 + 2H20 Sd HzRUOS [212]

However, use of CAN causes undesirable high etching. The soluble products are unstable in
nature hence not preferred. H2O> based slurries also gave very low removal rates. Addition of
guanidine carbonate (GC) along with to H.O> forms soluble Ru complexes, thereby enhancing
the removal rates.(Amanapu et al., 2013). Also, optimized GC concentration along with 1,2,4
triazole in H20: based slurry can give a desired Cu-Ru selectivity.(Wang et al., 2018). The RR
of Ru can also be enhanced in the presence of potassium ions.(Jiang, He, Yuzhuo Li, et al.,
2014) However, the performance of GC ions on enhancing removal rates is comparatively
better than that of potassium ions.(Du et al., 2017) However, GC in KMNO4 suppresses the
removal rate to unacceptably low values.(K. V. Sagi et al., 2016) It was observed that sodium
periodate in an alumina-based slurry gave comparatively good removal rates, however the
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dissolution obtained was high (20 nm/min). Also, contamination of sodium is observed. The
high dissolution is attributed to formation of soluble RuOs in abundance. The reaction

occurring are Ru surface are as follows.

4Ru0; + 4H* & Ru0,.2H,0 + 3Ru0, [2.12]
103 + 2(Ru0,.2H,0) < 4H,0 + RuO, + 1~ [2.13]
RuO, + H,0 < H,Ru0s4 [2.14]

At acidic pH, Ru dissociates into perruthenate (RuO;) oxidizes to form ruthenium dioxide
(RuO) and RuQa4. At alkaline pH, perruthenate (RuO;) and RuO: (insoluble species) were
formed and very low etch rates were observed. The RR doesn’t follow Preston equation with
respect to pressure and velocity.(Victoria et al., 2012; Yadav, Jitendra C. Bisen, et al., 2017)
A slurry comprising of potassium periodate (K104) as oxidizer and glycine was studied. Effect
of glycine at pH 9 for Ru-Cu selectivity was studied.(Zeng, J.-X. Wang, et al., 2012) It revealed
that glycine suppresses etching of Ru while it accelerates dissolution of Cu thereby giving a
selectivity of 1:1.

Potentiodynamic polarization studies with potassium bromate as oxidizing agent reveals that
current density is increased at the anodic part and the removal is mainly due to mechanical
abrasion.(Victoria et al., 2010a) Ammonium ion enhances the surface corrosion rate of Ru by
forming water soluble complexes. Hence, with an increase in concentration of the ions, the
removal rate increases.(Ziyan Wang et al., 2019) Also, an optimized concentration could give
a relatively smoother surface. Wang et.al reported that UV activated potassium persulfate

loosen the Ru surface, hence enhancing the RR to 26.36%. (Wang et al., 2021)

2.4.1 Galvanic corrosion of Ruthenium and Copper

In a Ru polishing slurry, Cu being an active metal acts as anode whereas Ru being more noble

in nature acts as anode. This difference in current corrosion potential leads to galvanic
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corrosion between Cu and Ru. Hence to minimize the galvanic corrosion and excessive
dissolution of Cu, different additives are proposed.(Patlolla et al., 2018) 2,2'-[[(methyl-1H-
benzotriazol-1-yl)methyl]imino]diethanol (TT) added as an inhibitor to ammonium sulfate and
H202 slurry suppresses the dissolution of Cu by forming adsorbed passivation on its
surface.(Patlolla et al., 2018) However, such effect was not seen on Ru surface but a reduced
dishing and erosion defects were observed in both the metals. Addition of ascorbic acid and
BTA as cathodic and anodic inhibitors to KIO4 based solution reduced the galvanic corrosion
of Cu-Ru to 20 mV.(Peethala, Roy and Babu, 2011a) It was seen that potassium molybdate
ions modifies the Cu and Ru surface in a BTA+ KIO4 based slurry. The ions adsorbed facilitates
the BTA absorbed-passive layer thereby suppressing the galvanic corrosion between
them.(Cheng et al., 2014) Insoluble Cu(103)2-nH20 compounds on the surface also suppresses
the dissolution rate of Cu.(Cheng et al., 2018) Similar inhibition properties as BTA can be
observed using 1,2,4 triazole.(Cheng, Wang and Lu, 2020) BTA usually inhibits by forming a
3-dimensional adsorbed structure on the Cu surface. However, the adsorption of the 1,2,4
triazole is 2 dimensional, and an excess of it can destabilize the passivation film, and reduce
its inhibition efficiency on Cu. Tian et.al (Tian et al., 2022) suggested that potassium
Tolyltriazole (TTAK) as inhibitor in a H202-glycine based slurry effectively reduces the
corrosion rates of both Cu and Ru by forming a passive film on its surface. A reduced erosion

and dishing are also observed in its presence.

2.5  Study on Chemical Mechanical Polishing of Cobalt (Co)

In the recent times, Co has evolved as a leading replacement metal for both the barrier as well
as interconnect (Cu) because of its exclusively unique properties such as accurate deposition,
cheaper adhesion techniques, high resistivity to diffusion of Cu into the dielectric, easily

available and lower cost.(Ranaweera et al., 2019; Ryu et al., 2020) However, some major
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drawbacks such as corrosion and defectivity post CMP are mainly observed for Co
(CVD/PVD) films.(Hu, Pan, Li, et al., 2019) The corrosion could be general corrosion or
pitting or galvanic corrosion. It is to be noted that, Co can only be commercialized for the next
generation semiconductors if the mentioned issues are eliminated. The dissolution of Co via

Co?* ions is illustrated below.(Peethala et al., 2012)
Co + 2H* - Co?* + H, [2.14]

To eliminate such corrosion via dissolution, formation of passive layer is the utmost priority.
The passive layer could either be in the form of Co (1) or/and Co (111) oxide/hydroxides. Lower
potential Co (1) oxide/hydroxide are usually formed at acidic pH and at lower potentials. At
higher potentials and at neutral and alkaline pH, Co (I1) oxide/hydroxide oxidizes to form
Co(ll1) oxides/hydroxides.(Park, Paluvai and Venkatesh, 2018) The passive layer formed at

highly alkaline region is more stable in nature.(S. Yang et al., 2019)

Co + H,0 — Co(H,0)(ads) [2.15]
Co(H,0)(ads) —» Co(OH)* + H* + 2e~ [2.16]
Co(OH)* + H,0 - Co(0H), + H* [2.17]
Co(OH), - CoO + H,0 [2.18]
Co(OH), + OH™ — CoOOH + H,0 + 2e~ [2.19]
3C00 + 20H™ - Co50, + H,0 + 2e~ [2.20]

The issues can be controlled by proper tuning of the slurry chemistry. Different oxidizers such
as ammonium per sulphate,(Ranaweera et al., 2019), H202(Hu, Pan, Xu, et al., 2020a),
potassium per sulphate(Zhang, Wang and Lu, 2020) ; complexing agents such as:, cystine(Zhi
Wang et al., 2019), citric acid(R Popuri, Sagi, Alety, Peethala, Amanapu and Patlolla, 2017),

glycine(Paul and Srinivasan, 2020), hydroxyethylidene diphosphonic acid (HEDP)(Hu, Pan,
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Xu, et al., 2020a), potassium tartrate(Hu, Pan, Li, et al., 2019), ethylenediaminetetraacetic acid
(EDTA)(Kwon et al., 2020) and inhibitors such as: 1,2,4 triazole(Zhong et al., 2014),
BTA(Ryu et al., 2020), diethanolamine (DEA)(Xu et al., 2021), potassium oleate(Ranaweera
et al., 2019) etc. are suggested in literature to attain a planar Co surface with reduced defects
and corrosion. Alkaline solutions are usually preferred over acidic solution due to controlled
occurrence of dissolution at this region. Although BTA was the most preferable inhibitor in
most of the studies done till date, it was seen that it forms easily soluble Co-BTA passive
layer.(Ryu et al., 2020) This gives rise to unwanted residue generation post CMP. Ji et.al (Ji et
al., 2017) reported that presence of ethylene diamine tetra acetic acid (EDTA) derivative, in

an oxidizer absent slurry can also give and enhanced removal rate for Co.

2.5.1 Galvanic Corrosion of Cobalt and Copper

Co, being more fragile chemically as compared to Cu is highly inclined towards corrosion and
oxidation.(S. Yang et al., 2019) Also, the difference in reduction potential makes them more
prone to galvanic corrosion.(Peethala, Roy and Babu, 2011a) In addition to that that Co (Mohs
hardness 5) is mechanically harder than Cu (Mohs hardness 3).(Peethala et al., 2012) Hence,
maintaining desired removal selectivity along with reduced galvanic corrosion is a big
challenge. Difference in open circuit potential (OCP) between Cu and Co acts as the main
driving force behind galvanic corrosion. Hence the slurry formulated should be capable enough
to reduce the difference between them.(Peethala et al., 2012)Slurry solutions containing BTA
and glycolic acid at pH 2 were investigated and it was observed that Co corrosion can be
minimized in the presence of BTA and glycolic acid.(Bilouk et al., 2009a) Literature proved
that pH of a slurry has a major role in attaining selectivity between Co/Cu.(Nishizawa, Nojo
and Isobe, 2010b) Nishizawa et.al(Nishizawa, Nojo and Isobe, 2010b) also proposed a slurry
comprising of H2O3, citric acid and BTA, however the slurry lead to high current densities with

increase corrosion defects. For devices less than 14 nm, an abrasives slurry comprising of

42
TH-3022_166107118



mainly potassium acetate, hydrogen peroxide, and benzotriazole gave a controlled corrosion
for Co/Cu system.(Johnson, Wei and Roy, 2018) Hu et.al reported that, novel inhibitor, TT-
Lyk adsorbs on the Cu surface forming Cu-TT-Lyk passivating film, thereby reducing the
potential difference between the two metal.(Hu, Pan, Zhang, et al., 2019) A higher galvanic
corrosion at static condition is observed as compared to dynamic condition. Zhang et.al
proposed a green inhibitor, sarcosine that inhibited the corrosion in two different ways: forming
passive layer and hindering further oxidation, reducing the glycine-metal complexes on the
metal surface.(Zhang et al., 2022) It was reported that potassium hydrogen phthalate (KHP)
and 1, 2, 4-triazole (TAZ) as chelating agent and inhibitor in a H2O2 based slurry gave a

reduced Cu/Co potential gap better surface quality.(Yang, Zhang and Yang, 2022)

2.6 Dissolution Mechanism of Co by EIS

EIS, a highly potent electrochemical technique is used to study the reaction mechanistic detail
of the metal dissolution or passivation of films forming on the metal surface.(Barsoukov and
Macdonald, 2005) The anodic metal dissolution in detailed via the impedance data was
understood by employing reaction mechanism approach (RMA).(Keddam, Mottos and
Takenouti, 1981) The reaction mechanism analysis procedure is explained elaborately in the

next chapter.

Reaction mechanism analysis of Co dissolution based on polarization and EIS studies in
different media are summarized herewith. The mechanism proposed for Co dissolution were
mainly in carbonate and bicarbonate solution. (Calderén, Barcia and Mattos, 2008; Real,
Ribotta and Arvia, 2008) Davies et.al.(Davies and Burstein, 1980) and Burstein et.al.(Burstein
and Davies, 1980) proposed Co dissolution in the form of formation of CoO film in a

carbonate/bicarbonate solution.
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Co(s) + HCOy,,, —=—>(CoCO,), + H,,) +€ [2.21]

(aq

Co+H,0—25Co0, +2H , +€ [2.22]
— k3 _ .

C00,,, +HCO, ,,, —&->CoCO,,, +OH,, [2.23]

CoCOy, +HCO; T=2C0(CO,)5y + iy [2.24]

Gervasi et.al(Gervasi et al., 1991; Gervasi, Vilche and Alvarez, 1996) proposed a similar

mechanism with dissolution occurring in the form of Coz0s4 instead of CoO.

Paul et.al(Paul and Srinivasan, 2020) suggested mechanism comprising of four adsorbed

intermediates {two of each Co(Il) and Co(ll1)} in a glycine system.

Coe=2Col +2¢° [2.25]
Cols =2 Cojj +e [2.26]
Co¥ —~>Co¥ [2.27]
Co%, —2—>CoZ +e” [2.28]
Col, +Co—=—Co +Cof +3¢” [2.29]

2.7  Lacunae

The formulation of slurry for planarizing Cu interconnects with Ru or Co as barrier material is
of greatest interest among microelectronics fabrication industries as other proposed slurry
possess various issue such as selectivity, galvanic corrosion, post-CMP cleaning issue and so
on. With the miniaturization of devices, usage of Cobalt and Ruthenium diffusion barrier
alternatives to the Ta/TaN bilayer was suggested due to the desired properties they possess as
mentioned earlier. Cobalt (Co) has evolved as a leading replacement metal for both the barrier
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layer (TaN/Ta) as well as the conductive layer (Cu) because of its many unique properties such
as conformal deposition (especially in high aspect ratio areas), low resistivity, inexpensive
adhesion technigues, high resistivity to act as a barrier (Ta/TaN replacement) and large scale
and inexpensive commercial availability.

Although many types of slurry have been proposed for Cu CMP most of them were oriented
towards higher selectivity between Cu and Ta. Only limited studies are available for Cu-Ru
CMP and Cu-Co CMP. Especially, the CMP studies on Cu as interconnect material and Ru/Co
as barrier material with the aim of achieving desired selectivity, minimum galvanic corrosion
is limited. Besides, the dissolution mechanism of Co in solution containing oxidizer and

complexing agents are not reported yet.

2.8 Objectives

Based on the lacunae obtained from extensive literature review, the objectives of the work

are as follows:

= To tailor a suitable slurry by optimizing the process parameters and slurry components
(abrasive and chemicals) that would yield desired polishing characteristics and desired
selectivity between Ru-Cu substrates and Co-Cu substrates.

= To find the effect of various pH and additives on the polishing performance and
selectivity of Ru-Cu and Co-Cu substrates.

= To understand the galvanic corrosion between Co-Cu using electrochemical techniques
in the proposed slurry.

= To suggest a suitable mechanism to understand the anodic dissolution behavior of Co

in the solution of interest.
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CHAPTER 3

3. EXPERIMENTAL MATERIALS AND METHODOLOGY

The different materials and methodologies employed in this research is elaborated here.

3.1 Materials

3.1.1 Chemical Mechanical Polishing Experiments

Cu coupon (99.98% pure) of 25.4 mm diameter, Co coupon (99.95% pure) of 25 mm diameter
and Ru coupon (99.9% pure) of 25.4 mm diameter procured from Tecnisco Advance Materials
Private Limited, Singapore were used to perform the polishing experiments. Non-woven
Buehler Texmet C PSA pads of dia. 203 mm (8”) were used as the polishing pads. Cab-o-sil,
M-5, fumed silica abrasives (Cabot Sanmar Limited, India) was used as the prime abrasives.
The other abrasives that were also part of the experiments were alumina (Beuhler, India) and

titania (TTP, India) abrasives.

3.1.2 Static Etch Experiments

Cu coupon (99.98 % purity) of 7 mm diameter and 2 mm thickness, Co coupon (99.95% pure)
of 9 mm diameter and 1 mm thickness and Ru coupon (99.9 % purity) of 15 mm diameter and
1 mm thickness were used to perform the static etch experiment. Water-resistant emery paper

of 600 grit size was used to polish the coupons before every set of experiment.

3.1.3 Electrochemical Experiments

Cu (99.98% pure, 7 mm diameter), Co (99.95% pure, 9 mm diameter) and Ru (99.9% pure, 15
mm diameter) embedded in Teflon rod and connected with Cu wire were used as working
electrodes for performing the electrochemical experiments. Prior to every run, the electrode
was polished with the following emery sheet of grit size 180, 320,600 and 1000. 1um micro
polish alumina paste (Buehler, USA) and 0.3um micro polish alumina paste (Buehler, USA)

were used to further smoothen the surface of the electrode.
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The different chemical reagents used in the polishing/etching and electrochemical experiments

are displayed in Table 3.1. It is to be noted that all the chemical purchased were of AR grade.

Table 3. 1 Chemicals reagents used in different experiments

Chemical Manufacturing Company
Sodium hypochlorite Finar, India
Oxidizer H202 Loba Chemicals, India
Potassium iodate Merck, India
Complexing Oxalic acid Himedia, India
agents
BTA Loba Chemicals, India
Inhibitors L-ascorbic acid Himedia, India
Uric acid Sigma Aldrich, India
Imidazole Himedia, India
Potassium Hydroxide Himedia, India
pH tuners Nitric acid Loba Chemicals, India
Nitric acid (for the H20- Himedia, India
system)
Supporting sodium sulphate Himedia, India
electrolyte
Sonication Ethanol Changshu Yangyuan, China
48

TH-3022_166107118



3.2 Methodology

3.2.1 Chemical Mechanical Polishing Experiments

All the polishing experiments were rendered on a benchtop Labopol-20/Laboforce- 50 polisher
(Struers, USA). Unless otherwise mentioned, the sample rotational speed was set at 150 rpm,
turntable with pad speed was set at 100 rpm and the applied downforce was 5.72 psi. The slurry
was pumped to the CMP through a peristaltic pump, PP-ex 20 (Miclins, India) with a controlled
flow rate of 100 ml/min. Blank runs with only fumed silica slurry was performed to obtain a
stable and reproducible results for every new pad used. The pads were changed regularly after
every similar set of experiments. To eliminate any sort of debris and obtain coherent results,
prior to every run, conditioning of the polishing was performed. The pad was conditioned using
a traditional method of manual conditioning using emery sheet of a fixed grit size (600). (Li
and Babu, 2001; Manivannan and Ramanathan, 2009) The metal after polishing was cleaned
by sonicating with Millipore water followed by ethanol for 2 min. The sample was dried and
then weight loss was measured gravimetrically using weighing balance with readability 0.0001
g (Sartorius, USA). A minimum of 3 runs (polishing time per experiment =3 min) were
performed for each set of condition and the average removal rate in nm/min with standard
deviation is reported. The formula used for measuring the RR is displayed in equation 3.1
whereas Prestonian behavior of RR was investigated using equation 3.2 (Qin, Moudgil and

Park, 2004). The schematic representation of the CMP experiments is displayed in Figure 3.1.

Removal rate (RR) (ﬂ) [3.1]
min

Weight loss (gm) x 107

Density (gn—mg) x Time (min) X Surface area(cm?)
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Removal Rate (RR) [3.2]

= Prestons coeficient (K,) X Down pressure (P)

X Turntabelespeed(V)

Labopol-20/Laboforce-50
polisher

Peristaltic Pump

Magnetic Stirrer

Figure 3. 1 Experimental Setup for CMP experiments

3.2.2 Static etch rate experiment

To get an insight of the chemical dissolution of the metal (Cu, Co and Ru) in the presence of
different chemical reagents, etch rate experiments were performed. For the Cu/Co system and
Cu/Ru system the etchant time was set to 30 min and 60 min respectively. As per ASTM E 3
(Standard Guide for Preparation of Metallographic Specimens) and ASTM E407 (Standard
Practice for Micro etching Metals and Alloys) methodology, prior to every experiment the

coupons were polishing and smoothed using 600 grit size emery sheets. The tared coupons
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after completion of etching was washed properly with Millipore water and ethanol. The metal
is then dried and weighed gravimetrically using weighing balance with +0.0001g precision
(Sartorius, USA). To ensure repeatability, a minimum of three runs were conducted for every
system and the average etch rate with the standard deviation is reported. The formula for
measuring the etch rate is similar to equation 3.1. The schematic representation of the etch

experiments is displayed in Figure 3.2

—— —
mmmp Glass beaker

) Etchant

\ (' T Metal sample

Figure 3. 2 Schematic representation of static etch experiments

3.2.3 Electrochemical experiments

Electrochemical experiments on Cu/Co for H202+ oxalic acid + imidazole system was
performed on a Gamry-1010 electrochemical workstation. Whereas experiments on Cu/Co and
Cu/Ru for H202+ oxalic acid system and KIOs+BTA system respectively were conducted on
Metrohm Autolab potentiostat, (PGSTAT 204, Switzerland). A three-electrode (working,
reference and counter) glass cell (500 ml volume) was employed to perform all the

experiments. Cu/Co/Ru embedded in Teflon tube is used as the working electrode. Platinum
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wire and Ag/AgCl (3 M KCI) are the counter electrode and the reference electrode (RE)
respectively. RE detects and controls the potential of electrode whereas CE prevents passing
of current between the working electrode and RE in order to jot down the exact potential of the
working electrode. Prior to every experiment, the working electrode surface was smoothed
using emery sheets in the following order: 180, 320,600 and 1000 grit size followed by micro
polish alumina paste (Buehlar, USA) (1 um, 0.3um). Before proceeding with the experiments,
the polished electrode was cleaned and sonicated with Millipore water and ethanol and then
dried. All the electrochemical experiments were conducted at room temperature and inside
faraday cage to reduce perturbation from the surrounding environment. The electrochemical

experimental setup is displayed in Figure 2.3.

Reference, Ag/AgCI(3M KCI)
Working, Cu/Co/Ru

Counter, Pt

000DpgOo Opo0oD
0000 &0 Oooooo

Corrosion cell

Figure 3. 3 Experimental setup for electrochemical experiments

It is to be noted that the electrochemical experiments in our case are performed without any
abrasive particles in the electrolyte solution. To ensure repeatability, a minimum of three
experiments for the similar system were performed. The various electrochemical experiments

performed are:
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3.2.3.1 Open Circuit Potential (OCP)

Open circuit potential (OCP/Eoc) is the electrical potential or potential difference of a working
electrode measured w.r.t reference electrode when there is no net current enforced to an
electrochemical cell. The change in the Eoc value indicates the conversion in the nature of the
metal surface. The OCP is measured before starting every other electrochemical experiment to
ensure the stability of the system when immersed in the electrolyte. The potential vs Ag/AgCl
(3M KCI) in the electrolyte is measured for a given time (varies with system) and the final

stable value is considered as the OCP.

3.2.3.2 Potentiodynamic Polarization (PP)

Potentiodynamic polarization experiments were performed by scanning the potential from -1
Vto 1V w.rtOCP at a rate of 1 mV/s. The corrosion current density (lcorr) and corrosion
potential (Ecorr) Were calculated from the intersection points by extrapolating the anodic and
cathodic branches by using the inbuilt software, Gamry Echem Analyst of Gamry-1010

electrochemical workstation.

3.2.3.3 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) were conducted by sweeping at 20000 Hz to
10 Hz frequency range with 7 frequencies per decade interval. In order to ensure linearity, 10
mV (rms) amplitude AC voltage signal was applied to perform all the EIS measurements. EIS
experiments were performed at OCP and also at various overpotentials. While plotting, the
lower frequency noisy data was not considered. Hence, in order to validate the remaining data,

Kramers Kroing transform (KKT) in Nova 1.10, Metrohm was performed.

Kramers-Kronig Transform (KKT)

KKT ensures that the EIS experimental data obtained is linear, doesn’t irrelevantly change

during the measurements and respond accordingly to the applied input sinusoidal impulse.
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(Boukamp, 1993; Pachimatla and Srinivasan, 2018; Ranjith et al., 2018). The real and the
imaginary components of the impedance data are correlated in KKT. If within a frequency
range of zero to infinity, the real component of the experimental impedance is known, the
imaginary component can directly be obtained from KKT and vice versa. The corresponding

equations (Barsoukov and Macdonald, 2005) of it are as follows:

[ - 3.3
2 (0)- 2o ()= 2 ][ L=l 23]
[3.4]
+(92,,(0~wZ,,()
2 ()20~ 22 )] 2 o
Z, ()= (2_“’}]0 Ze (0 =02, (0) [3.5]
)% X’ —w

Here, Zre and Zim are the real and the imaginary components of impedance where the angular

frequencies are @ and Xx.
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3.3 Modelling methods

After validation using KKT, the impedance data were modelled and analyzed using electrical

equivalent circuit (EEC) model and reaction mechanism analysis (RMA).

3.3.1 Electrical Equivalent Circuit (EEC) model

Electrical equivalent circuit (EEC) model gives an insight about different physiochemical
reactions such as solution, polarization and charge transfer resistances; electro static double
layer capacitance and many more processes occurring on the working electrode-solution
interface as well as on the bulk part of the solution (Barsoukov and Macdonald, 2005; Orazem
and Tribollet, 2008). EEC modelling was done using commercial software Zsimpwin (Version
3.6). To obtain a near perfect fit, Zsimpsin uses complex non-linear least squares (CNLS)
fitting technique. The modelling is done using a VVoight or EEC circuit. Here, the experimental
impedance data is fitted with the best fit EEC circuit comprising of different electrical
components such as capacitor, resistor, inductor etc and the best fit with least error and chi

square (?) values are considered. An example of EEC circuit is illustrated in Figure 3.4.

C1

Figure 3. 4 A general representation of a simple EEC circuit
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Here, in the circuit shown above, capacitor (C1), resistor 2 (R2) and resistor 3 or polarization
resistance (R3/Rp) are in parallel. Resistor 3 (R3) is connected to inductance in series. All these
elements are in series with resistor 1 (R1) which is also commonly known as solution resistance
(Rso1). For an depressed capacitance loop, capacitor (Cy) is replaced by constant phase element
(CPE) which signifies the metal-electrolyte interface electrostatic double layer. The two-prime
parameters of CPE are Yo and n. The value of n lies within 0 and 1. A CPE where n equals to
0,0.5,1 and -1 signifies pure resistor, Warburg impedance element (result of diffusion), ideal
capacitor and an inductor respectively(Barsoukov and Macdonald, 2005; Orazem and Tribollet,

2008).

- [3.6]
CPE = fior

As per Kirchhoff’s law, the impedance (Z:) of RC (Resistance-Capacitance) element for series

and parallel conncetions can be calculated using equation 3.7 and 3.8 respectively.

1 [3.7]

1 [3.8]
Therefore, the total impedance for the circuit shown in Figure 3.4, can be written as

-1
Z =R +{i+ joC, +(#J}
R, JoL+R, [3.9]
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In the presence of CPE element (Yo, ni) equation 3.9 is expressed as

-1
Z = Rl+{i+Yo(ja))”‘ +[—_ L ]}
R2 JoL + R3 [3.10]

Here, Yo and ny are the CPE parameters. j = J-1 and w is the angular frequency (w=2xf).

3.3.2 Reaction Mechanism Analysis (RMA)

Unlike EEC, Reaction Mechanism Analysis (RMA) gives more a detailed information about
the processes a metal undergoes when in contact with a reacting environment. Here, depending
on the experimental data, a reaction mechanism is proposed. Using the proposed mechanism,
impedance data is then simulated via sequential quadratic programming through MATLAB
code. The mechanism which gives best fit to experimental data along with low error values and
least number of parameters is considered (Keddam, Mottos and Takenouti, 1981; Barsoukov
and Macdonald, 2005; Maddala et al., 2010; Venkatesh and Ramanathan, 2010). Some of the

assumptions considered while proposing a mechanism are as follows (Maddala et al., 2010)

e A constant double layer capacitance is assumed all through the simulated voltage range.
e Surface coverage is considered unity as per Langmuir isotherm.

e Perturbation is considered linear and higher order expressions are omitted.

e The exponents of forward reactions are positive while that of backward is negative.

e Just like the Tafel constant, it is assumed that the kinetic parameters are related

exponentially to voltage.

The steps involved in the following mechanism for metal, M are shown below:
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, [3.11]

sol

ki + - k.
M F)Mad +e ——>M

1

Mads = adsorbed species with +1 oxidation state (could be chloride/oxide/hydroxide)
M*so1 = dissolved metal ion solution.

ki, k-1 and ko = Kinetic rate constant.

Here, M to M*qs is the electrochemical step whereas M*ads to M1 is the dissolution step.

The unsteady state mass balance equation for reaction 3.11 is:

f% = kl(l_el)_k—lel_kzgl [3.12]

7 = total site existing per unit area

61 and (1- 01) = surface coverage of the adsorbed metal species and vacant site respectively.

Kinetic rate constant, ki is given by

ki = kioeb'V [3.13]
Here,
b—t ankF [3.14]
' RT
Here,

i= 1,2 (forward reaction) and (-1) backward reaction.

V = over-potential (dc)
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a = transfer coefficient, (lies between 0 to 1),
n = number of electrons taking part in the rate determining step.
F, R, T=Faraday’s constant, gas constant and temperature respectively

b = for forward reaction (oxidation) it is positive whereas for backward reaction (reduction) it

IS negative.

At steady state condition, Equation 3.12 is represented as:

kl (1_ elss) = k—lelss + kzelss [315]
Rearranging it, fractional steady state surface coverage (6, ) can be obtained as
g -——
k,+k, +k,
[3.16]

The unsteady state current density (J) obtained due to faradaic reaction is expressed as

J=nF[k,1-6)-k ,0)] [3.17]

To determine the faradic impedance equation at the metal solution interface (Zr,mss) Equation

3.17 is differentiated w.r.t voltage.

[ do, _dk,
dv av’ dv

- d dé,
(ZF,m/S) 1:nF|:d_\k/l(1_elss)_kl( 01 k 1:|

ss 71d_v
[3.18]
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1 dé
(ZF,m/s) = Rctl —nF [d_\/l (kl + kl):‘

Therefore, charge transfer resistance (Rct) equals to

R =nF [(klbl(l— 6,

1ss

The steady state current density is expressed as

S!

) - k—lb—lelss]

J =nF[k,04]

[3.19]

[3.20]

[3.21]

Using Taylor series, the rate constant and surface coverage are expanded. It is to be noted that

the higher order terms are being neglected n the expansion. On further expanding the mass

balance equation % is determined.

k, =k &% VeV x k. e (1+ bV, ) =k, (1+bV,.)

6 =0+ 0V,
av
4 _A
av B
Where, N =1
60
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[3.23]

[3.24]



A= k1b1 1- 0135) - (kzbz + kflb—l)elss [3.25]

B, =k +k ,+k, + jor [3.26]

Therefore, total impedance of the system is represented by

1 [3.27]
) +Y(jo)"

Ztotal = Rso| T (Z

F,m/s

Rsol =solution resistance

Yo, nj =CPE parameters

=1

o (w=2xrf) = angular frequency

The minimum value of the optimal RMA parameters (determined by sequential quadratic
programming (SQP)) residue form is given by

[3.28]

2 2
ReSIdue :Z[Q)Re (ZReexperimental - ZRebestfit ) + a)lm (Zlmexperimemal a Zlmbeslfit ) :|

Here, wre, wim =weighing functions. It equals to unity or transpose of real value and the
imaginary value. It could also be the inverse of the square of the real and imaginary part of the
experimental impedance. For very high magnitude impedance values, weighing functions may

vary with the optimized parameter set values(Venkatesh and Ramanathan, 2010).
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3.4  Characterization studies
To get a clear picture of the surface morphology of the metal treated at different slurries along
with the compounds formed, characterization studies were being performed. The different

studies done along with the sample preparation are as follows:

3.4.1 X-ray Diffraction (XRD) Measurements

To characterize the changes occurring on the Co surface post etching XRD analysis was
performed. The measurements were conducted with SmartLab9KW diffractometer (Rigaku
Corporation, Japan) that emits Cu radiation of 1.5406 A wavelength. For analysis, Co sample
was polished using emery sheets and dipped in the etchant solution for 30 min. The sample
was dried properly using N2 gas before placing it in the diffractometer. For reference purpose,

XRD analysis of Co prior to etching was conducted.

3.4.2 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) was performed by scanning the Cu and Co
coupons in the wavenumber range of 4000-400 cm™ on Spectrum series (Perkin Elmer, USA)
unit. ATR accessory with a diamond crystal was used to analyze the treated metal coupons.
The compounds of Co and Cu formed at the mentioned chemical treatments were confirmed

by detecting the functional groups from the peaks.

3.4.3 Ultra Violet Visible Spectrophotometer (UV Vis)

To second the FTIR analysis and confirm the Cu and Co compounds formed, UV VIS
spectroscopy was performed. UV -Vis analysis was conducted on Ultra Violet Visible
Spectrophotometer (UV Vis) (Perkin Elmer, USA). An inbuilt software named UV WinLab
was used to identify the peaks and the valleys of the UV adsorption spectra. The specimens are

prepared as mentioned in Section 3.4.2.
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3.4.4 Field Emission Scanning Electron Microscopy (FESEM)

FESEM analysis of Co was conducted on field emission scanning electron microscope
(FESEM) (Zeiss, Sigma). Before every analysis the Co samples were polished using emery
sheets and cleaned properly to removes the impurities or oxides. The samples are cleaned
thoroughly and dipped in the solutions (H20. and H202+ oxalic acid) for 2 hrs. The samples
are then washed again, dried and taken for analysis. The surface morphology and corrosion
type of Co on treatment with the mentioned chemicals was analyzed and compared from the

images.
3.4.5 Contact angle analysis

The traditional sessile drop technique was employed to determine contact angle between the
droplet and treated Co sample surface. The liquid droplet comprises of water, methylene iodide
(M), and corrosive solution of two pL. The contact angle of the settled droplet was measured
with the help of the camera present along with the inbuilt Holmarc software. The analysis was
evaluated in a Goniometer (Holmarc opto-mechatronics). Contact angle analysis sample
preparation is similar to that of FESEM analysis. It is to be mentioned that a minimum of 4
droplets were deposited separately and angle was measured to ensure repeatability. A contact
angle difference of less than 2° was observed on the both the sides of the droplet ensuring

reproducibility.

3.4.6 X-ray photoelectron spectroscopy (XPS)

To determine the different states of Co and identify the Co compounds formed when treated
with H20, and H.O.+ oxalic acid at pH 9, XPS was conducted using ESCALAB Xi+
spectrometer (Thermo fisher Scientific Pvt. Ltd., UK) rigged with monochromatic Al Ka X-
ray source radiation 1486.6 eV. The analysis was performed at room temperature and a base

pressure of 5 x 1072 mbar. Prior to XPS analysis Co metal was polished and the metal sample
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was held in the solution of interest at +0.25 V w.r.t OCP for a duration of 3 hrs. This was done
in order to obtain ample amount of product for analysis. The sample was then rinsed and dried

using Nitrogen in a vacuum desiccator and then eventually taken for analysis.

3.4.7 Thermogravimetric Analysis (TGA)

Interaction between fumed silica, KIO3 and BTA were studied using TGA. After proper mixing
of the components (different combinations) in DI water, the dispersion was centrifuged,
strained and dried using a vacuum pump. The sample was then kept in a hot air oven for drying,
subsequently crumbled to fine powder for analysis. Thermogravimetric analyzer
(STA449F3A00) (Netzch, India) was used for performing the TGA analysis. The analysis was
done in a nitrogen environment while rising the temperature from 20°C to 650°C at a rate of

10°C/min.
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CHAPTER 4

4. RESULTS AND DISCUSSION

4.1 Investigation of Polishing Characteristics of Interconnect (Cu) — Barrier Metal

(Ru) in Potassium lodate-Based Slurry
4.1.1 Motivation

The never-ending pursuit to fabricate technology node to <14 nm demands barrier metals that
would provide a good diffusion barrier property along with desired thickness. A suitable barrier
metal can decrease the resistance-capacitance delay of copper (Cu) and can encourage the
process of size reduction of the devices (Krishnan, Nalaskowski and Cook, 2010). Compared
to the already prevalent Ta/TaN barrier used in industry, Ruthenium (Ru) as a barrier metal
layer has demonstrated many promising properties in previous studies that would make it a
better alternative (T. N. Arunagiri et al., 2005; Wei et al., 2007b; Ding et al., 2010; K. V. Sagi
et al., 2016). Although other barrier metals such as Cobalt (Co), Manganese (Mn) and its
alloys(Aledresse and Alfantazi, 2004; Matsumoto et al., 2009; Wang et al., 2014a; Hazarika
and Rajaraman, 2020) have been investigated, high resistivity and difficulty in controlling
galvanic corrosion in between Co/Mn interface has proven to be extremely challenging
(Bernhard, Pfandzelter and Winter, 2003).

Ru however, is a stable transition metal and is preferred because of its many exigent dynamics
such as lower electrical resistivity (7.6 uQ cm) as compared to Ta/ TaN, better adhesion ability
with Cu and possibility of direct electrodeposition of Cu on Ru eliminating the need of Cu seed
layer (Josell et al., 2003; Seo et al., 2011; Amanapu et al., 2013). An additional advantage of
using Ru is that at high temperatures, Ru shows almost negligible diffusivity with

Cu(Massalski and Okamoto, 1990).
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Precise metal layer removal and a polished top surface is required for fabrication of integrated
circuits. Chemical Mechanical Planarization (CMP) is an efficient and industrially applied
alternative process used to remove the initial surplus Cu followed by removal of the remaining
Ru-Cu (in a ratio ~1:1). Ru is a hard metal and thus polishing it and obtaining a reasonable
removal rate has proven to be a very challenging task. However, previous studies have revealed
that by adjusting the components in the polishing slurry, a considerable removal rate (RR) can
be attained. Peethala et.al.(Peethala, Roy and Babu, 2011b) reported a desirable selectivity of
~1:1 could be attained using silica particles and insoluble KIO4 along with KOH at pH 9 and
thereby preventing the formation of toxic RuO4. Yadav et.al('Yadav, Jitendra C Bisen, et al.,
2017) used silica, sodium hypochlorite along with BTA to achieve a near desired selectivity
~1:1 while reducing the formation of toxic Ru compounds. They suggested that Ru0, and
RuOZ formed in the alkaline range assisted the formation of porous RuOs/RuQ; and the
formed oxide help maintain the RR of Ru. Zeng et.al(Zeng, J.-X. Wang, et al., 2012) identified
that the addition of glycine to KIO4 slurry improves the Cu-RR selectivity as Glycine reduces
the etching of Ru and increases the Cu dissolution thereby affecting the RR of the metals.
Amanapu et.al.(Amanapu et al., 2013) analyzed the consequences of using guanidine carbonate
and H202 on Ru. They found that unlike when individually used; a combination of both the
components gave an enhanced RR. It was found difficult to achieve 1:1 Ru-Cu selectivity at
alkaline region with a fair removal rate and lower etching value as Ru is a metal with higher
chemical inertness as compared to Cu. Although multiple studies has been conducted using
KIO4(Peethala, Roy and Babu, 2011b), extra additives like KOH and higher abrasive
concentration were used in the slurry to achieve desired selectivity. This can cause post CMP
challenges like cross contamination and damaged surface layer(Steigerwald, Murarka and
Gutmann, 2008). These physical damages (scratches/cavities) on the surface affects the surface
property of the metal leading to internal stress and thus decreasing the life span.
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Hence, we formulated a suitable slurry by optimizing the process parameters and slurry
components that would yield desired polishing characteristics and selectivity between Cu-Ru
substrates without the release of toxic RuO4. We studied the role of oxidizer, abrasives and
inhibitor on RR along with the change of etch rate at different alkaline regions on the polishing
performance of the metals. Through TGA analysis, we examined the effect on RR with the
reactivity of the components. We performed polarization experiments to investigate the
performance of 1,2,3 Benzotriazole (BTA) as a barrier metal inhibitor. We also investigated
the effect of process parameters on selectivity and determined the thermodynamic nature of the
Cu —Ru dissolution. Temperature plays a very important role in CMP and dissolution of metal
and is often neglected in most of the studies. We investigated effect of temperature on the

etching performance and found that the dissolution process follows an endothermic nature.

Potassium iodate (KI103) as oxidizer was used instead of potassium periodate (KI1O4) due to its
higher stability in the presence of salt impurities and humidity. Also, as compared to KlQOg,
KIOz is less hazardous to human body.(ldentification and Identification, 2008) Moreover,
unlike KIOs or other periodates and iodates, KIO3z also acts as a good corrosion inhibitor and
an effective passivator for Cu (Shibli and Saji, 2005) . A slurry demonstrating good selectivity
achieved with lower concentration (reduced by 60%) of abrasives and lesser chemicals has not
been previously demonstrated. We achieved a selectivity of 1:1 with the optimized slurry
formulation. A low etch rate with fair RR (60.7 nm/min for Ru and 58.7 nm/min for Cu
respectively) and desired Ru: Cu selectivity of ~1.03 :1 using 2 wt. % silica, 0.2 M potassium
iodate (KI103) and 5 mM BTA was attained at pH 9. We show the relevant polishing properties

of the slurry in the following sections.
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4.1.2 Experimental Conditions

Chemical Mechanical Polishing Experiments

All the polishing experiments were carried out on 25.4 mm diameter Cu and Ru disk with
99.9% purity (Tecniso Advance Pvt. Ltd, Singapore). Nonwoven polishing pads, Texmet C
PSA (Buehler, India) of 203 mm diameter, fixed on a benchtop Labopol-20/Laboforce-50
polisher (Struers, Denmark) were used to polish the coupons. This polisher has an inbuilt
carrier speed of 100 rpm. A peristaltic pump, PP-ex 20 (Miclins, India) was used to transport
the slurry into the polisher. The flowrate of the slurry was maintained at 100 ml/min. The
turntable speed and the applied pressure was fixed at 100 rpm and 5.72 psi respectively, unless
explicitly mentioned. After each run the Cu/Ru metal was ultrasonically washed (in deionized
water (DI)), dried and weighed in a microbalance (Sartorius Private Limited, India). The weight
loss measured was used to calculate the average removal rates (RR, nm/min). To achieve
consistent removal, rate the polishing pads were conditioned with DI water. Prestonian

behaviour of RR of the metals was calculated using the formula

RR (ﬂ) — KPy [4.1.1]

min

where P stands for down pressure, v for table speed, K for Preston coefficient and RR for
removal rate (Zhao and Lu, 2013). All the slurries were prepared in deionized water and
potassium iodate (Merck, India) was used as oxidizer. Cab-o-sil, M-5, fumed silica abrasives
(Cabot Sanmar Limited) was used as the prime abrasives. Alumina (Beuhler, India) and titania
(TTP, India) abrasives were also tried as part of the experiment. BTA (Loba chemicals Private
Limited, India), Uric acid (Sigma Aldrich, India) and L-Ascorbic acid (Himedia, India) were
investigated as inhibitors. For tuning the pH diluted Nitric acid (Loba chemicals Private

Limited, India) and Potassium hydroxide (Himedia, India) were used.
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Static Etch Experiments (SER)

SER were carried out at different alkaline pH range and at different temperature variations.
KOz dissolved in DI water was used as etchant for conducting the static experiments on Cu
and Ru. Each coupon was dipped into the etchant for a time duration of 60 min. The metal
coupons were then sonicated in DI water, dried and weighed. For each system a minimum of

three repetitions were performed and the average was reported as the final etch rate (nm/min).

Electrochemical Experiments

The electrochemical experiments were performed on a potentiostat (PGSTAT 204,
Switzerland). Ag/AgCI electrodes and Platinum wires were used as reference and counter
electrode respectively. A 15 mm diameter Ru disc (99.9% purity) embedded in Teflon rod was
used as the working electrode. Prior to every run, the electrode was polished with emery sheets
in the following order (180, 320,600 and 1000 grit size). This was followed by polishing the
electrode with 0.3um and 1um micro polish alumina powder (Buehlar, USA). The electrode
was then sonicated in ethanol and was washed thoroughly in DI water. Open circuit potentials
were performed for a duration of 600 secs before every potentiodynamic runs and the scanning

rate used for anodic polarization was 1 mV/sec.

Thermogravimetric Analysis (TGA)

The TGA of KIOs was analyzed in pure salt form. The abrasives, oxidizers and inhibitors were
analyzed by dissolving in DI water. After proper mixing of the components, the dispersion was
centrifuged, strained and dried using a vacuum pump. The sample was then kept in a hot air
oven for purging, subsequently crumbled to fine powder. Thermogravimetric analyzer
(STA449F3A00) (Netzch, India) was used for performing the TGA analysis. The analysis was
done in a nitrogen environment while rising the temperature from 20°C to 650°C at a rate of

10°C/min.
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4.1.3 Results and Discussions

Etch experiments using varying KOz concentration

As per the pourbaix diagram, formation of RuOys is usually observed in the acidic regime.(Han,
2016) RuO4 formed is soluble in water and further converts to ruthenic acid which is toxic in
nature(Peethala, Roy and Babu, 2011b; Yadav, Jitendra C Bisen, et al., 2017). It was also
reported that dissolution of metals and occurrence of corrosion of the polishing equipment is
usually high at acidic pH (Luo, Campbell and Babu, 1997) and therefore, alkaline region over
acidic region is preferred. Thus, in this study static etch experiments (SER) were carried out at
a specified pH 9 for initial screening and to study the outcome of oxidizer (K103) concentration
on Cu and Ru coupons. The etching experiments were performed with oxidizer concentration
ranging 0.1 M - 0.3 M with an interval of 0.05 M. The results are shown in Figure 4.1.1. For
Cu coupons, a linear increase in etch rates with increase in KIOs concentration is observed.
This is due to the emergence of double passivation film (copper oxide(s)/Cu(103)2) on the Cu
metal surface using KlOsz based slurries(Li and Babu, 2001). With the increase in KIO3
concentration, formed copper oxides reacts with the more available /03 ions forming
abundance of insoluble Cu(10z)> compounds. These insoluble compounds accumulate on the
metal surface and is likely the reason behind SER increase with increase in oxidizer
concentration at pH 9. A similar Cu SER increase was also observed in reported
literature(Steigerwald et al., 1995). However, for Ru coupon with more than 0.2 M oxidizer
concentration, the etch rate was found to be almost static. Less exposure of the surface of the
Ru coupon to the etchant solution for oxidation could possibly be the reason behind the
saturated result(Yadav, Jitendra C Bisen, et al., 2017). As seen from Figure 4.1.1, for
concentration above 0.2 M KIOz an undesirably higher dissolution of Cu was observed. At 0.2
M KIOs the SER was observed to be almost same and had the lowest standard deviation and

therefore this oxidizer concentration was used for further experiments and analysis.
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Figure 4.1. 1 Effect of oxidizer concentration (K103) on SER at pH 9

Polishing and static etch experiments using only 0.2 M KOz concentration

RR and SER experiments of the Cu and Ru coupons using 0.2 M KIO3 concentration slurry
without any other additives were carried out to study the outcome of change in pH. The results
are displayed in Figure 4.1.2(a) and Figure 4.1.2(b). The polish rates were estimated at different
alkaline pH values (8, 9, 10, and 11). From the results displayed in Figure 4.1.2(a), it can be
seen that both the metal coupons show a decreasing trend in RR as the pH decreases from 8 to
11 (~58.7 nm/min to ~26.4 nm/min for Cu, ~51.2 nm/min to ~24.3 nm/min for Ru). KIOs in
aqueous solution dissociates to form 105 and K" ions. However, the formation of 103 above
pH 7 decreases, thus resulting in less oxidation of Cu and Ru metal surface. This reduction in

103 formation explains the decreasing pattern of Cu and Ru RR.
KIO; - 105 + K* [4.1.2]

To substantiate the decrease in formation of /03, etch experiments at a similar environment

was performed, the results of which are displayed in Figure 2(b). As anticipated, a decrease in

71
TH-3022_166107118



SER of both Cu (~0.4 nm/min to ~0.2 nm/min) and Ru (~0.4 nm/min to ~0.2 nm/min) was
observed owing to less dissolution of the metal as the pH increases from 8 to 11. A similar
decreasing SER trend of Cu and Ru was also observed in literature(Zeng, J.-X. Wang, et al.,
2012; Yadav, Jitendra C Bisen, et al., 2017). From figure 4.1.2 it can be seen that the SERs
were much lower than the RRs confirming that the direct dissolution of the metal have a very

small role in the overall metal removal.
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Figure 4.1. 2(a) Effect of pH on RR using only 0.2 M KIOs (b) Effect of pH on SER using

only 0.2 M KIO3
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Etch experiments at different temperature range (0.2 M KlO3)

Figure 4.1.3(a) illustrates the effect of temperature on etch rate of Cu and Ru coupons using
0.2 M KIOs as oxidizer. The temperatures at which the experiments were performed ranged
between 25 to 85 °C. The pH of the etchant was tuned to 9 for all temperature variation. From
Figure 4.1.3(a), it is seen that with an increase in temperature, the SER drastically increases
from ~0.3 nm/min to ~1.6 nm/min for Cu and ~0.3 nm/min to ~1.5 nm/min for Ru. With
increasing temperature, there is a high probability of increase in occurrence of chemical
reaction between KlOz and the metal surface (Yadav, Jitendra C Bisen, et al., 2017), which
could explain the rapid increase in SER. From the results obtained, it is seen that temperature
plays a very vital role in metal-solution reaction. Since our aim is to obtain a lower but
acceptable etch rate without high dissolution we opted to perform the experiments at a

temperature of 25°C.

Activation energy (Ea) of Cu and Ru dissolution of the proposed solution (0.2 M KIO3) were
calculated using the Arrhenius Equation(Yadav, Jitendra C Bisen, et al., 2017; Gupta,

Manivannan and Noyel Victoria, 2019)

Ea [4.1.3]

lOg(ER) = lOgA - m

Where, A stands for Arrhenius pre-exponential factor, T stands for absolute temperature and R
stands for universal gas constant (8.314 J/mol.K). A semi-logarithmic graph of ER vs 1/T was

plotted using the Arrhenius equation, which is demonstrated in Figure 4.1.3(b). A straight line

2.303R

is interpolated whose intercept and slope is log A and respectively. The activation energy

for Cu and Ru dissolution process was 27.3 KJ/mol and 25.20KJ/mol respectively.
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To determine the thermodynamic nature of Cu and Ru dissolution and to calculate the enthalpy
and entropy, transition state equation was taken into consideration(Gupta, Manivannan and

Noyel Victoria, 2019).

o0 () g () B e
91 )~ "°9\Nn) T 2303R' ~ 2.303RT

Where, N is Avogadro’s number (6.02252x10% mol?), h stands for Plank’s constant

(6.626176x1034Js), AH,,,, is enthalpy of activation and AS,, stands for entropy of activation.

Enthalpy and entropy were calculated by equating the intercept [log (%) + ZA:%;] and slope

[— f?ﬁ] of the straight line as demonstrated in Figure 4.1.3(c). The calculated values of

AH,.; for Cu and Ru is as +27.2 KJ/mol and +29.9 KJ/mol respectively. From the values, it
can be clearly seen that the dissolution process is endothermic in nature. The measured values
of AS,.; for Cu and Ru is -160.5 J/mol.K and -150.1 J/mol.K. The calculated values of AS,,.;
is negative, indicating that the process of dissolution is more inclined towards associative
mechanism thus forming an activated complex(Kuijer, Giling and Bloem, 1974; Yadav,
Jitendra C Bisen, et al., 2017; Gupta, Manivannan and Noyel Victoria, 2019). This explains

the reason behind lower etch rates of the metals in the K103 solution.
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Figure 4.1. 3 (a) Effect of temperature on SER using 0.2 M KIOs (b) Arrhenius plot for Cu and
Ru dissolution at pH 9 using only 0.2 M KIO3z (c) Log (ER/T) vs 1/T for Cu and Ru dissolution

at pH 9 using only 0.2 M KIOs

Polishing experiments using 2 wt. % silica abrasives along with 0.2 M KIO3

Chemical reaction between metal and abrasives and at times oxidizers and abrasives are often
observed leading to the enhanced surface oxidization and higher RR(Li, 2007). The RR of Cu
and Ru on addition of silica abrasives along with 0.2 M KIlO3z at pH range 8-11 were studied
and the results are illustrated in Figure 4.1.4. In the absence of abrasive, RR ranged from ~58.7
nm/min to ~26.4 nm/min for Cu and ~51.2 nm/min to ~24.3 nm/min for Ru (for pH range 8-
11). Whereas, adding the silica abrasives increased the RRs for both Cu and Ru. Polishing
using only 2 wt% silica revealed almost negligible removal rate. This enhanced RR observed
for Cu and Ru is due to the dual effect of mechanical exertion along with chemical interaction
of the silica particles with the ruthenium and copper oxides(Victoria et al., 2010b; Peddeti et

al., 2011). This combined effect of fumed silica particles and KIOz have more impact on Ru as

77
TH-3022_166107118



compared to Cu (Yadav, Jitendra C Bisen, et al., 2017). Therefore, a higher Ru RR rate is

obtained as can be seen confirmed from Figure 4.1.4.
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mCu
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Removal Rate (nm/min)

Figure 4.1. 4 Effect of pH on RR using 2 wt. % of silica abrasives along with 0.2 M K103

Moreover, as per literature it was seen that, /03 reduces to I~ to form less soluble Cul on the
metal surface and on polishing pad. This Cul layer formed causes lower efficiency of the
polishing properties of the pad thus resulting in lower RRs(Du et al., 2004). Although this
precipitation layer formation is more prominent in the lower pH, and its effect reduces as it
moves towards alkalinity, this could be the reason behind the lower Cu RRs obtained as
displayed in the Figure 4.1.4. It is to be mentioned that polishing experiments on both the
metals were performed using 2%, 3%, 4% and 5% fumed silica. The results obtained showed
very low and negligible change in the removal rates (~1-2 nm/min). So, keeping the post CMP

issues in priority the optimized 2 wt% silica was selected as the abrasive concentration.

78
TH-3022_166107118



Polishing and static etch experiments using silica abrasives, KIOz and inhibitor BTA

The role of inhibitor BTA (Bilouk et al., 2009b; Peethala, Roy and Babu, 2011b; Peethala et
al., 2012) in controlling corrosion for Cu and Ru along with attaining global planarization is
notable. The effect of BTA on RR was studied and the results of it is demonstrated in Figure
4.1.5(a). BTA is a compound containing 3 nitrogen atoms on its surface. The slurry comprising
of 5mM corrosion inhibitor BTA along with 2 wt% silica and 0.2 M K1Oz.was used in our case.
As per requirement, BTA accepts or releases proton to one of the nitrogen atoms and acts as a
weak acid or base. These electrons then form a bond with the metal forming an insoluble metal-
BTA complex. This adsorbed metal-BTA complex on the metal surface protects the metal from
corrosion. This formed complex prevents the formation of passivation layer on the metal
surface(Venkatesh et al., 2013). This is the reason behind why comparatively lower RR is

observed in presence of inhibitor for both Cu and Ru as compared to RRs without using it.
The metal BTA complex formation mechanism is as follows(Allam, Nazeer and Ashour, 2009)

M(s) + BTA™ (aq) = M: BTA™ (ads) [4.1.5]

nM: BTA™ (ads) = [M(BTA)], + nH* + ne~ [4.1.6]

where M(s) stands for metal, BTA~ (aq) for BTA in aqueous solution, M: BTA™ (ads) for BTA
adsorbed on metal surface and nM: BTA~ (ads) for number of stabilized films of the complex

compound.

The static etch experiments on both the metal coupons were performed in pH range 8-11 using
0.2 M K103 and 5mM BTA to study metal dissolution when in contact with the etchant. The
results are displayed in Figure 4.1.5(b). Just like the previous cases, a decrease in SER occurs
as the etchant proceeds towards more alkalinity. Also, compared to SER obtained previously,
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a decrease in SER is observed on adding BTA to the slurry. This confirms the formation of
metal- BTA complex on the metal surface, thus preventing the dissolution of it. A desired Ru-
Cu selectivity of ~1.03:1 using BTA is attained at pH 9. Owing to this desired selectivity along
with low etch rates at pH 9, a slurry consisting of 2 wt. % silica, 0.2 M potassium iodate (K103)

and 5 mM BTA is considered most effective for planarization of Cu and Ru.
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Figure 4.1. 5 Effect of pH on RR using 0.2 M KIOs, 2 wt. % silica and 5 Mm BTA (b) Effect of

2 wt. % silica and 5 Mm BTA

pH on SER using 0.2 M KIOs,
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Thermogravimetric Analysis (TGA)

Although the solubility of KIOs is low, the adsorption of additives on silica plays an important
role in determining the removal rate and selectivity. To prove this, TGA analysis was
performed and is displayed in Figure 4.1.6. As shown, the TGA graph for pure KIOs
decomposes at ~550°Cto KI, oxygen gas and small amount of iodine vapor (Boyd and Larson,
1969). Whereas for silica exposed to KIO3, two decompositions are observed. The initial stage
change observed is due to moisture evaporation and the second stage change observed at
~550°C is due to decomposition of KIOs adsorbed on silica surface. Comparing it with the

TGA curve of pure KIO3, we can say that the weight loss is almost negligible.

100 +

80 — ;

Weight (%)

60 - S
b = = KIO3+Silica+BT A i
K103

= = KIO3+Silica

40 1 I | I
0 150 300 450 600

Temperature (°C)

Figure 4.1. 6 TGA graph of pure KIO3; TGA graph of centrifuged, filtered and dried slurry

comprising of (i) 2 wt % silica and 0.2 M KlOg; (ii) 2 wt % silica, 0.2 M KIO3z and 5 mM BTA

The slightly dented curve obtained at ~300°C confirms, although not to a higher extent, there

is a chemical interaction between the silica particles and K1Oz in the solution. This validates
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that high RR observed in Figure 4.1.4 as compared to Figure 4.1.2(a) is due to dual role of the
silica abrasives in the silica- KIOz system. The fumed silica acts as a competent abrasive and
generates a chemically active silica-K103 complex which reacts with the metal oxides resulting
in high RRs. The formation of silica- KIOs complex eliminates the need of an extra additive to
enhance the solubility factor of K103 and its oxidizing power. For KIO3 exposed to silica and
BTA, decomposition around ~300°C and ~550°C is observed. The initial weight loss is due to
decomposition of BTA adhered with KIOz and silica, whereas the weight loss at ~550°C is due
to decomposition of KIO3 adsorbed on silica surface. The initial weight loss is probably due to
the interaction of the BTA with KIOz and silica. The BTA complex formed, adsorbs on the
metal surface forming metal-BTA complex and thus reduces the dissolution and RR of the
metal coupons, thus acting as a good inhibitor. It is to be mentioned that the weight loss of the
curves are not the same, since different additives were exposed to silica abrasive surface(Oh et

al., 2011; Peethala and Babu, 2011).

Proposed reaction mechanism

Based on the results obtained the mechanism of Ru is put forward henceforth. As per literature,
KIOz is a crystalline powdered oxidizer that usually reduces to iodide (I~) and oxygen (0,) at
an alkaline region (Boyd and Larson, 1969; Shibli and Saji, 2005). The further reduction of the
dissociated 0, to OH~ plays the major role in oxidation of the metal surface. The cathodic

reactions involved in the process are presented in equation 7-9.

KIO; - 105 + K* [4.1.7]
103 + H,0 + 2e~ —» I~ + 20H™ + 0, [4.1.8]
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0, + H,0+ 4e” —» 40H™ [4.1.9]

As per the Pourbaix diagram for at pH > 7, Ru(OH)3, RuOz. 2H,0, Ru0; or Ru0}~ is usually
formed (Zeng, J. Wang, et al., 2012). RuO, (Perruthenate) is unstable and gets easily
decomposed to O2and RuO». 2H>O(Peethala and Babu, 2011). The series of equations involved

at this pH range are illustrated in equations 10-13.

Ru + 80H™ —» RuOj; + 4H,0 + 7e~ [4.1.10]
Ru+ 30H™ = Ru(OH)3; + 3e~ [4.1.11]
Ru+ 40H™ - Ru0,.2H,0 + 4e™ [4.1.12]

1 4.1.1
2(Ru0) + 20H" > 2(Ru0f") + H,0 +50; [4.1.13]

It is to be mentioned that Ru and Cu in typical slurries acts as a galvanic couple attributing to
dishing of the metal (Peethala, Roy and Babu, 2011b). Although galvanic corrosion study is
not included in this work, BTA is added to the formulated slurry with the purpose of acting as
corrosion inhibitor. As already mentioned, BTA prevents dissolution of the metal by forming
a metal-BTA complex on the surface of the metal.(Ryu et al., 2019) This adsorption of the Ru-

BTA complex is shown in equation 14.

A graphical representation of the oxide formation mechanism is also illustrated in Figure 4.1.7.
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Figure 4.1. 7 Schematic diagram of Ru surface oxidation in presence KIOz and K103 +

BTA

The potentiodynamic curve of Ru in 0.2 M KIO3z and 0.2M KIO3 + 5 mM BTA at pH 9 is
displayed in Figure 4.1.8. As seen in the Tafel plot (for KIOs) the current on the anodic section
is almost continually above 0.15 V suggesting the formation of Ru hydroxide and oxides, as
displayed in equations 10, 11, 12, 13. The formation of the Ru hydroxides and oxides in the
alkaline region can be supported by the Ru Pourbaix diagram (Han, 2016). In the presence of
the inhibitor BTA, the anodic current decreases indicating BTA adsorption on the metal
surface. The formation of BTA-metal film diminishes the possibility of any metal dissolution.
The corrosion current density (lcorr) and current potential (Ecorr) with and without inhibitor were
calculated by extrapolating the tafel plot and is displayed in Table 4.1.1. On addition of

inhibitor, the Ecorr value decreases from 142.2 mV to 128.1 mV whereas l¢orr Value decreases
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from 207.8 nA/cm? to 12.5 nA/cm?. This reduction in leor approves the role of BTA as a good

inhibitor in deaccelerating the corrosion process.

Table 4.1. 1 Corrosion potential (Ecorr) and corrosion current density (lcorr) extrapolated

from Tafel plot

Ru Ecorr (MV) lcorr (I’IA/CITIZ)
0.2 M KIOs 142.2 207.8
0.2 M KIO3+5mM BTA 128.1 12.5
-4
Ru_KI1O,

Ru_KIO,+ BTA

0.8 0.4 0.0 0.4 0.8
E(V) vs. Ag/AgCI (3 M KCI)

Figure 4.1. 8 Tafel curves for Ru using 0.2 M KIOz and 0.2 M KIO3 + 5 mM BTA
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Effect of different inhibitors and abrasives on selectivity at tailored conditions

Cu-Ru selectivity using different inhibitors is displayed in Figure 4.1.9. The inhibitors studied
were ascorbic acid(Peethala and Babu, 2011), uric acid(Jeong et al., 2019) and BTA in a
concentration of 5mM. From the RRs obtained, it was seen that BTA gave the coveted
selectivity of 1:1.03 unlike ascorbic acid and uric acid. The selectivity obtained using uric Acid

and L-Ascorbic acid is 1.66: 1 and 2.04: 1 respectively.

(2]
H
n

[

Selectivity (Cu/Ru)
. tn

=
tn

L-Ascorbic Acid BTA Uric Acid
Inhibitor

Figure 4.1. 9 Effect of different inhibitors on selectivity using Silica (2 wt.%), KIO3 (0.2 M)
and inhibitor (5mM) at 100 rpm table speed and pH 9
Table 4.1. 2 Removal rate on using Silica (2 wt.%), K103 (0.2 M) and inhibitor (5mM) at pH

9 and 100 rpm table speed

Alumina Silica Titania
Cu RR (nm/min) 132.1 58.7 113.8
Ru RR (nm/min) 99.7 60.7 105.1
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The removal rates of the metals on using different abrasives at pH 9 are displayed in Table
4.1.2. It was seen that alumina and titania resulted in a high RR as compared to silica. To
corroborate these RR results, TGA analysis of the three systems containing alumina, silica and
titania along with 0.2 M K103z were conducted and displayed in Figure 4.1.10a. For comparison
TGA analysis of pure K103 was also performed. The initial weight loss just under 100°C can
be considered due to moisture evaporation. For pure KIOz, decomposition is observed at ~550
°C and for KIOs3 adsorbed on abrasives (silica, alumina, titania) surface, decomposition is
observed between ~500-550°C. However, the weight loss percentage of KIO3 adsorbed on
titania and alumina surface is comparatively lower than K103 absorbed silica. This decreased
weight loss percentage or decomposition, attributes to lower interaction of the /03 ion with
abrasives as compared to the ones with higher weight loss percentage. Thus, the available 105
ions rather than reacting with the abrasive particles, reacts with the metal coupon forming a
passivation layer over it. The abrasives efficiently play its role by abrading the passivated layer
on the metal surface and at times chemically reacting with it(Li, 2007). This explains the reason

behind high RR for Ru in the following order, silica (~60.7 nm/min) < alumina (~99.7 nm/min)

< titania (~105.1 nm/min).
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Figure 4.1. 10 (a) TGA graph of pure KIOs; TGA graph of centrifuged, filtered and dried slurry
comprising of (i) 2 wt % silica and 0.2 M KlOs; (ii) 2 wt % titania, 0.2 M KIOz and; (iii) 2 wt %
alumina, 0.2 M KIOs (b) Effect of different abrasives on selectivity using abrasives (2 wt %),

K103 (0.2 M) and BTA (5mM) at 100 rpm table speed and pH 9

89
TH-3022_166107118



Cu being a soft metal, hardness of the abrasives particles (along with chemical interaction) plays
a key role in determining the RRs of metal(Peddeti et al., 2011). Since, hardness of alumina is
more as compared to others, a high Cu RR rate (~132.1 nm/min) was obtained. The Cu removal
rate using silica and titania abrasives are ~58.7 nm/min and ~113.8 nm/min respectively.
Although the RR using alumina and titania based slurries are high, it is observed from Figure

4.1.10b that slurry comprising of silica, KIOs and BTA gives a desired selectivity of 1:1.03.

Importance of process parameters on Cu-Ru removal rates and selectivity at optimized slurry
conditions

To understand the role of process parameters on Cu and Ru RR, CMP experiments using the
tailored slurry {fumed silica (2 wt. %), KIO3 (0.2 M) and BTA (5 mM) at pH 9} was performed.
Figure 4.1.11a illustrates the RR procured at varying applied pressure (1.41, 2.86, 5.72 and 8.91
psi) and at constant a turntable speed of 100 rpm. From the graph it can be seen that with increase
in pressure, the surface contact points between the metal surface and plate increases(Carpio,
Farkas and Jairath, 1995). This attributes to the higher RRs obtained with increase in pressure.
It should be mentioned the RR obtained for both the metals at zero pressure does not have a zero
intercept. Emergence of a passive layer on the metal surface could be a probable reason behind
this(Victoria et al., 2012). As the graph is nonlinear in nature, the system disobeys Preston
empirical equation. Thus, the slurry follows a Non-Prestonian behavior with increase pressure.

A similar case of non-prestonian behavior was also reported in literature(Cheng et al., 2015).
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Figure 4.1. 11 At optimized pH 9 (a) Effect of pressure on RR using silica (2 wt. %), KI1Oz (0.2
M), BTA (5 mM) (b) Effect of turntable speed on RR using silica (2 wt. %), KIOs (0.2 M) BTA (5
mM) (c) Effect of pressure on selectivity using silica (2 wt. %), KIOsz (0.2 M), BTA (5 mM) (d)

Effect of turntable speed on selectivity using silica (2 wt. %), KIOz (0.2 M) BTA (5 mM)
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CMP experiments of Cu and Ru coupons at varying turntables speeds (50, 100, 150 and 200
rpm) and constant applied pressure of 5.71 psi were performed, the results of which are
displayed in Figure 4.1.11b. From the figure it is observed that with the escalation of the
turntable speed, the RR rises for both the cases. The rapid increase in friction between the
abrasives, polishing pad and oxide layer formed at the metal surface could be reason behind
this RR increase(Cheng et al., 2015). The selectivity of Cu-Ru at variable pressure and
turntable speed is calculated and the results are displayed in Figure 4.1.11c and Figure 4.1.11d.
Although the RR increase is significant with change in process parameters, change in
selectivity is almost negligible. This construes that change in process parameters has negligible

effect on selectivity at the suggested slurry composition.

4.1.4 Conclusion

The role of KIOsz as oxidizer in CMP of Cu- Ru was studied in this work. The study was
conducted in the alkaline region, to prevent the occurrence of RuO4, which is toxic in nature.
A decreasing trend in removal rate was observed for both the metals at all conditions. This
occurs due to lesser availability of 105 ions to oxidize the metal surface beyond pH 7. Etch
experiments at increasing temperature and at optimized pH was performed. A rapid increase in
ER with temperature was observed. This is due to the occurrence of chemical reaction on the
metal surface at a high temperature. The dissolution of the metals in the etchant follows an
endothermic nature and activation energy Ea measured was 27.3 KJ/mol for Cu and 25.2
KJ/mol for Ru. BTA behaves as a good inhibitor by forming at BTA-complex on the metal
surface. This slightly reduces the RR as compared to RR while using silica and KIOs. However,
a desired Cu-Ru selectivity of ~1:1.03 was obtained at pH 9 which suggest that the solution
comprising of fumed silica (2 wt. %), KIO3 (0.2 M) and BTA (5 mM) is suggestively
appropriate for effective polishing of barrier metal and interconnect which can be applied in

semiconductor industry. TGA analysis were performed to verify the effect of abrasives and
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different component of slurry on RR. It was found that the system disobeys Preston empirical
equation with pressure and table speed. It was also observed that the process parameters play

a negligible role on selectivity at the given optimized slurry.
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4.2  Formulation of sodium hypochlorite-based slurry for copper - cobalt chemical
mechanical planarization process

4.2.1 Motivation

With the advancement of microelectronic devices in the passing time, in terms of circuit
complexity and size reduction, the new generation devices demand for more competency and
more speed. However, as the size decreases, the process in manufacturing the precise structures
becomes an important challenge in preventing lower yield of the product. Usually during
fabrication of the circuit, Cu is used as an interconnect since it is a good conductor of electricity
and Ta/TaN was used as a barrier material to prevent the diffusion of Cu in to dielectric
material.(Min et al., 1996) However, with the shrinkage of technology node to 10 nm and
below, various technological problems appears such as maintaining the diffusion barrier
property and the desired thickness at the same time. Therefore, various other barrier metals
such as Ru, Co, CoMn, Mn, CuMn, TiZrN, TaC, WSIN and BN were studied in order to

substitute the existing Ta/TaN .(Aledresse, 2004; Kuo et al., 2004; Qu et al., 2004)

Recently Co and Ru are considered as two of the most potency metals to act as barrier metal.
However, as per some of the works reported, Co seems to have better properties as compared
to Ru.(Bilouk et al., 2009b; Nishizawa, Nojo and Isobe, 2010b; Peethala et al., 2012; Yin,
Yang, Niu, et al., 2020) It does not emit any toxic gases unlike Ru, which releases toxic RuO4
gas in acidic medium. Moreover, Ru being a hard metal in nature (hardness of 6.5 Mohs), it is
hard to find chemicals that provide higher polish rates. However, Co, possess various
advantages such as relatively lower hardness (5.0 Mohs), lower resistivity (~6.2 p€2 cm), good
stability, economical, and better adhesion properties with Cu, and most important of all, direct
electrodeposition of Cu is possible as Co itself acts as a seed layer during Cu deposition.(Ma
et al., 2009; Rights, 2017) After the deposition of Cu and barrier metal, the structures demand

for a planar topography for the following level metallization.
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Typically, Cu CMP is a 2-step process. The first step involved is removal of bulk Cu that stops
on the barrier layer or slightly before the exposure of the barrier layer. The second step involved
is removal of the residual Cu along with barrier metal without excessive thinning. This
demands the CMP slurry to achieve a selectivity (the ratio of Cu removal rate to Co removal
rate) of ~1:1. It is to be noted that Cu and barrier metal, Co CMP have been mainly incorporated
in the ULSI devices comprising of CMOS, FET (PMOS and NMOS transistors) etc. for

attaining global planarization.(Tanwar, 2014)

Different components in a slurry namely, oxidizers, abrasives, complexing agents, inhibitors,
pH tuners play a very important role in polishing as well as maintaining desired selectivity
between barrier metal and interconnect. Nishizawa et al.(Nishizawa, Nojo and Isobe, 2010b)
found out that using hydrogen peroxide as oxidizer, citric acid as complexing agent, and
benzotrizaole (BTA) as inhibitor in an alkaline pH gave a Cu/Co RR selectivity of ~0.5:1. The
influence of pH on polishing was also studied. Insignificant increase in RR rates of Cu was
observed when the slurry pH increases. Whereas a drastic decrease in RRs of Co was seen, as
the pH of slurry was changed from acidic to alkaline. This is due to the formation of denser
passivation layer with the increase in pH.(Nishizawa, Nojo and Isobe, 2010b) In another case,
Peethala et.al (Peethala et al., 2012)und that polishing using colloidal silica slurry consisting
of hydrogen peroxide as oxidizer, arginine as complexing agent and BTA as inhibitor gave a
selectivity of 0.8:1 at measured pH 10. Arginine was added to enhance the Co RRs whereas
BTA was added to inhibit Cu dissolution rates. This formulated slurry at pH 10 gave a good
post-polish surface quality without any excessive high dissolution rate of Co. Although many
types of slurry for Cu CMP are suggested until date, they mainly focused on achieving desired
selectivity between Cu and Ta. Only limited studies are available on Cu - Co CMP process.
Thus, this study mainly focuses on the slurry formulation for finding the desired selectivity of

Cu and Co in the ratio ~1:1 using sodium hypochlorite as oxidizer, fumed silica as abrasives
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and BTA as inhibitor. Besides, the impact of change in pressure, table speed and inhibitors on

selectivity of Cu and Co at optimum pH was also investigated.

4.2.2 Experimental Conditions

Chemical Mechanical Polishing Experiments

The polishing experiments were rendered on a benchtop Labopol-20/ Laboforce- 50 polisher
(Struers) with a sample rotational speed of 150 rpm. Non-woven Buehler Texmet C PSA pads
of dia. 203 mm (8”’) were used as the polishing pad. The metals used for polishing were Cu
coupon (99.9% pure) of 25.4 mm diameter and Co coupon (99.9% pure) of 25 mm diameter.
Both the metals were procured from Tecnisco Advance Materials Pvt. Ltd, Singapore. The
formulated slurry was pumped to the CMP machine through a peristaltic pump (Miclins PP-ex
20) with a controlled flow rate of 200 ml/min. Unless otherwise mentioned, the turntable speed
was set at 100 rpm while the applied down force was 5.72 psi.

Fumed silica (Cab-o- sil, M-5P) supplied by Cabot- Sanmar was used as abrasive particles.
Sodium hypochlorite (Finar) was used as the oxidizer whereas BTA (Loba chemicals), L-
Ascorbic acid (Himedia) and Uric acid (Sigma Aldrich) were investigated as inhibitors. The
slurry was prepared with the following concentration: 2 wt. % of abrasives, 0.5 wt. % of
oxidizer and 5 mM of inhibitor. Potassium hydroxide (Himedia) and Nitric acid (Loba
chemicals) were used to modulate the pH value. Prior to actual runs, few dummy runs were
conducted with slurry containing only fumed silica for every new pad in order to obtain stable
and coherent results. After weighing the metal, the polishing of each run was conducted for
two minutes and a minimum of three identical runs were carried out for each system. The pad
was conditioned before each run. The metal after polishing with slurry was washed with

millipore water followed by sonication for 2 minutes. The sample was rewashed thoroughly,
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dried and then weighed. Thereafter, the average removal rate in nm/min is estimated from the

measured weight loss and reported with standard deviation.

Static Etch Rate Experiments

Static etch rate experiments were performed with both Cu and Co metal samples at various pH
values 3, 5, 7, 9 and 11. The etchant solution was prepared by using 0.5 wt. % NaOCI based
solution in Millipore water. After weighing the sample, it was immersed in the etchant solution
for 30 min. Then, the sample was washed in Millipore water, dried and weighed again.
Triplicate runs were performed for each case and the average static etch rate in nm/min is

reported.
X-ray Diffraction

The changes happening on the Co surface after etching using NaOCI and BTA at pH 5 and 9
were observed by using XRD analysis. It was carried out with SmartLab9KW diffractometer
(Rigaku Corporation, Japan) that emits Cu radiation of 1.5406 A wavelength. For analysis, Co
sample was polished and kept in an etchant solution containing NaOCl and BTA (at pH 5 and
pH 9) for a time span of 30 min. The sample was then dried and kept in the diffractometer for
analysis of products formed on the surface. For reference purpose, XRD analysis of Co prior

to etching was also performed.

4.2.3 Results and Discussion

Polish rate experiments in the presence of only NaOCI

Figure 4.2.1 demonstrates the outcome of removal rate with respect to pH value (3, 5, 7, 9 and
11) for both the metals Cu and Co in a slurry comprising of only 0.5 wt. % NaOCI as oxidizer
without any abrasive particles. It is clearly seen from this plot that with an increase in pH value,

the polish rate decreases from 532.30 nm/min to 33.03 nm/min for Cu and from 499.26 nm/min
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to 44.05 nm/min for Co. The higher polish rate in acidic medium is attributed to the direct
dissolution of metal ions in the slurry whereas in neutral to alkaline medium, the passivation
layer forms on the metal surface, which subsequently decreases the polish rate. Although the
overall trend is same for both the metals, the polish rate is higher for Cu as compared to that
Co at pH 3 (532.30 nm/min vs. 499.26 nm/min) while the polish rate is higher for Co when
compared to Cu at all the remaining pH values being investigated in this study (33.03 vs
nm/min vs. 44.05 nm/min at pH 11). It could be attributed to the fact that Co metal (Reduction
potential Eo = -0.277) is a stronger reducing agent than Cu metal (Eo = 0.3419).(Pourbaix,

Zhang and Pourbaix, 1997)
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Figure 4.2. 1 Change in pH and its effect on removal rate of Cu and Co using only

NaOCl (0.5 wt. %)

In order to verify this, the static etch experiments were also carried out for both the metals in

the etchant solution containing only 0.5 wt.% NaOClI at various solution pH values (3,5,7,9 and
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11) and the results are displayed in Figure 4.1.2. In few cases, the standard deviation obtained
is negligible and hence error bars are not visible in the plot. As expected, the Co etch rate is
higher compared to that of Cu at all the pH values. The static etch rate of Co decreases from
9.54 nm/min to ~ 2 nm/min when the solution pH shifted from acidic regime to alkaline regime
as observed in the polishing experiments. Likewise, Cu too follows the decreasing trend i.e.
the static etch rate decreases from 8.63 nm/min to 0.92 nm/min. This is clearly indicating the
fact that the stable passive layer is formed on both the metal surfaces in an alkaline regime
resulting in less dissolution of the metal. It is also to be noted from Pourbaix diagram for Cu
and Co that the formation of Cu oxides is thermodynamically more feasible in the neutral
regime as compared to that of formation of Co oxides at lower reduction potentials.(Pourbaix,
Zhang and Pourbaix, 1997; Gerken et al., 2011) This could be the potential reason for
observing drastic reduction in the Cu polish rate (~352 nm/min to ~66 nm/min) comparing to

Co (~444 nm/min to ~ 282 nm/min) when the solution pH changes from 5 to 7.
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Figure 4.2. 2 Change in pH and its effect on etch rate using NaOCI (0.5 wt. %)

100
TH-3022_166107118



Polish rate experiments in the presence of both NaOCI and abrasives

The removal rates of Cu and Co using slurry containing 0.5 wt. % NaOCI and 2 wt. % silica at
various pH values (3,5,7,9 and 11) is presented in Figure 4.1.3. The removal rates for Co varies
from ~1095 nm/min to ~49 nm/min when the pH value increases from 3 to 11. In the same
manner, the removal rates for Cu showing the decreasing trend (~792 nm/min to 66 nm/min)
with respect to pH value. As expected, enhancement in the polish rate is observed due to the
mechanical abrasion between substrate and abrasive particles. Although, the trend (polish rate
decreases with an increase in pH value) remains the same, the polish rate of Cu is slightly
higher compared to that of Co at pH value 11 as opposed to the previous case (slurry containing
only oxidizer). Although, silica particles were added to the slurry with the intention of
removing material via mechanical abrasion process, the chemical interaction of silica particles
with the metal to be polished has also been observed and reported in the literature.(Li, 2007)
Thus, the interaction of copper and cobalt oxides with the silica particles at pH 11 also plays
an important role in determining the polish rate.

As the whole study is aimed to obtain 1:1 selectivity for Cu-Co, further tuning of the slurry is
essential as the results showed that the achieved selectivity is far from 1:1. It is well known
that the role of an oxidizer is to form a passivation layer, which is necessary for removing the
metal in the CMP processes whereas inhibitor play a very important role in corrosion inhibition
as well as in controlling the removal rate.(SASTRI, 1998; Cao, Gu and Tian, 2002). The use
of benzotriazole as a corrosion inhibitor for Cu and Co is notable.(Kondo et al., 2000; S. Yang
et al., 2019; Wang et al., 2020; Yin, Yang, Ma, et al., 2020) Therefore, the removal rates of
Cu and Co polishing using slurry comprising of 2 wt. %, NaOCI, 2 wt. % silicaand 5mM BTA

as inhibitor are further studied.
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Figure 4.2. 3 Change in pH and its effect on Removal rate using NaOCI (0.5 wt. %) and

fumed silica (2 wt. %)

Polish rate experiments in the presence of NaOCI, abrasives and corrosion inhibitor

The removal rates with respect to change in pH value (3,5,7,9 and 11) using 2 wt. % silica, 0.5
wt% NaOCI and 5 mM BTA is demonstrated in Figure 4.2.4. Only a slight decrease in the
polish rate is observed with the addition of BTA for both the metals. The highest removal rate
for Cu obtained is 787.4394 nm/min at pH 3 and the polish rate decreases with further increase
in pH value. Similar trend is also observed for Co i.e. the removal rate decreases from 1042
nm/min to 44 nm/min when the pH value increases from 3 to 11. The desired selectivity of
~1:1.006 is achieved at pH 9. Similar results were obtained for Cu-Ru system as well.(Yadav,
Jitendra C Bisen, et al., 2017) However, for Ru, the polish rate increases and then decreases

with an increase in pH value when NaOCI is used as an oxidizer.
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Figure 4.2. 4 Change in pH and its effect on removal rate of Cu and Co using silica (2 wt.

%), NaOCI (0.5 wt. %) and BTA (5 mM)

The static etch rates of Cu and Co in the etchant solution containing 0.5 wt. % NaOCI along
with 5mM BTA are presented in Figure 4.2.5. The etch rate of both the metals reduces with the
addition of BTA. The combination of desired low etch rates (Cu ~ 0.9 nm/min, Co ~ 1.1
nm/min) and comparatively fair removal rates (Cu ~ 99.1 nm/min, Co ~ 99.7 nm/min) at pH 9
implies that the solution comprising of 2 wt. % fumed silica, 5 wt. % NaOCl and 5 mM BTA
is apt for effective planarization. It is to be noted that all the polishing experiments were
performed on Cu and Co coupons in the present study. However, in semiconductor industry,
PVD Cu and CVD Co films are mainly employed as interconnect and barrier metals
respectively. It was observed that metal film deposition technique on the given substrate
strongly influences the polish rate of the metal. (Hsu et al., 2014; R Popuri, Sagi, Alety,
Peethala, Amanapu and Patlolla, 2017)Hence, further tuning of the slurry will be required to
attain desired selectivity and to control the erosion and dishing issues, if PVVD Cu and CVD Co
films deposited on silicon /oxide substrate are used and the polish results obtained are quite
different.
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Figure 4.2. 5 Change in pH and its effect on etch rate using NaOCI (0.5 wt.%) along with

inhibitor BTA (5mM)

The decreasing trend of Cu polish rate w.r.t pH is reported in literature when sodium
hypochlorite, BTA and silica is used as oxidizer, inhibitor and abrasives respectively.(Yadav,
Jitendra C Bisen, et al., 2017) For Co as well, a similar decreasing trend of polish rate w.r.t pH
is reported when H.O;, citric acid and silica is used as oxidizer, inhibitor and abrasives
respectively.(R Popuri, Sagi, Alety, Peethala, Amanapu and Patlolla, 2017) The polishing
behavior of Cu at various pH regimes is well documented in the literature(Nishizawa, Nojo and
Isobe, 2010a; Peethala, Roy and Babu, 2011a; Yadav, Jitendra C Bisen, et al., 2017) and hence
not discussed here. Co in aqueous solution usually forms a native passive layer on its surface
comprising of its oxide (CoO) or hydrated oxides (CoO. H>O) which is an indigenous
characteristic of most of the transition metals.(Badawy, F.M. Al-Kharafi and Al-Ajmi, 2000;
Ismail and Badawy, 2000) When treated at acidic pH, this passivation layer of Co becomes
very unstable and thus gets easily deliquesced which is illustrated in equation in equations 4.2.1
and 4.2.2.(Badawy, F.M. Al-Kharafi and Al-Ajmi, 2000; Ismail and Badawy, 2000; Aledresse,
2004; Jiang, He, Yan Li, et al., 2014a)
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Co+ H,0 — CoO + 2H* + 2e™ — Co?* + H,0 + 2e~ [4.2.1]
Co + 2H,0 — C00.H,0 + 2H* + 2e~ — Co?* + 2H,0 + 2e" [4.2.2]

Besides, the bulk Co is exposed to the solution, which undergoes direct dissolution as shown
in the following equation. This explains the reason for high removal rates of Co at acidic region
pH 3 and 5.(Badawy, F.M. Al-Kharafi and Al-Ajmi, 2000)

Co+ 2H* - Co?* + H, [4.2.3]

The NaOCI exists as hypochlorous acid (HOCI) in the acidic regime. It accelerates the above
oxidation reactions by undergoing the following reduction reaction.(Li et al., 1999; Prasad and

Ramanathan, 2007; Peethala, Roy and Babu, 2011a)
2HCIO + 2H* 4+ 2e~ « Cl,(g) + 2H,0 [4.2.4]

Whereas at neutral and lower alkaline region Co(ll) oxide/hydroxides are presume to form
which is comparatively more stable than the passive layer formed at acidic pH. The series of
equations involved at this pH range is illustrated from equations 4.2.5 to 4.2.7.(Gayer and

Garrett, 1949; Badawy, F.M. Al-Kharafi and Al-Ajmi, 2000; Ismail and Badawy, 2000)

Co + H,0 — Co(H,0)(ads) [4.2.5]
Co(H,0)(ads) » Co(OH)™ + H* + 2e~ [4.2.6]
Co(OH)* + H,0 - Co(OH), + H* [4.2.7]

At higher alkaline region, a more stable and dense passivation layer seem to form, which
explains the reason behind comparatively lower removal rates than acidic region. The
compounds that are most likely assumed to form at this region are Co (I1) hydroxides, which
further oxidized to form Co (I1l) oxides comprising of mostly Co30s and CoOOH. The

probablaction involved here are descr in the following equations 4.2.8 and 4.2.9.(Jiang, He,
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Yan Li, et al., 2014a; Park, Paluvai and Venkatesh, 2018)(Jiang, He, Yan Li, et al., 20144;

Park, Paluvai and Venkatesh, 2018)

Co(OH), + OH™ - CoOOH + H,0 + 2e~ [4.2.8]

3Co(OH), + 20H™ — Co050, + 4H,0 + 2e~ [4.2.9]

The corresponding reduction reaction in the alkaline region is given below(Li et al., 1999;

Prasad and Ramanathan, 2007; Peethala, Roy and Babu, 2011a)

ClO™ + H,0 +2e~ - Cl™ + 20H™ [4.2.10]

Co being a metal with lower equilibrium potential as compared to Cu undergoes galvanic
corrosion when in contact with it. Owing to this fact, controlling the galvanic corrosion is a
major concern for slurry formulation. Although, electrochemical experiments were performed
on Cu and Co ingot metal using this optimized slurry, the results obtained are not promising.
Since, the corrosion of Co is strongly influenced by the type of film used in experiments, further
optimization of the slurry needs to be carried out with CVD Co metal film for addressing the

galvanic corrosion issues.

Effect of process parameters on selectivity

Cu and Co CMP with a slurry comprising of 2 wt. % fumed silica, 0.5 wt. % sodium
hypochlorite and 5 mM BTA at optimized pH 9 were performed at different turntable speeds
and pressure. The impact of turntable speed (50, 100, 150 and 200 rpm) at applied pressure
5.72 psi on selectivity is shown in Figure 4.2.6. On the other side, Figure 4.2.7 displays the
effect of pressure (1.41, 2.86, 5.72 and 8.91 psi) on selectivity at a turntable speed of 100 rpm.
It is evident from the results that the lowest selectivity is observed at the turntable speed of 50
rpm and at a pressure of 1.41 psi while at other process parameter values, the selectivity does

not change significantly and the value remains close to 1:1. Thus, the results are clearly
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indicating a robust performance of slurry as insignificant perturbations in the process
conditions do not seem to impact much on the selectivity of Cu and Co.
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Figure 4.2. 6 Varying table speed and its effect on selectivity using silica (2 wt. %),

NaOClI (0.5 wt. %,) BTA (5 mM) at pH 9
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Figure 4.2. 7 Varying pressure and its effect on selectivity using silica (2 wt. %), NaOCI

Selectivity (Cu/Co)

(0.5 wt. %), BTA (5 mM) at pH 9
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Effect of various inhibitors on selectivity at optimized conditions

Besides BTA, various inhibitors such as uric acid(Prasad and Ramanathan, 2007) and ascorbic
acid(Prasad and Ramanathan, 2007) has been suggested for chemical mechanical polishing.
Thus, the effect of these inhibitors on selectivity was also investigated at optimized conditions:
pH 9, 100 rpm turntable speed and 5.72 psi pressure and the outcomes are presented in Figure
4.2.8. The experiments were conducted with the slurry that comprises 2 wt. % silica, 0.5 wt. %
NaOCI and 5 mM of inhibitor. Selectivity of Cu-Co using L-Ascorbic acid is 1: 1.16, whereas
for Uric Acid is 1: 1.14 and that while using BTA is 1: 1.006. Although the polish rate of Co
is higher as compared to Cu with all these inhibitors, still BTA gives the nearest desired
selectivity of 1:1. Thus, BTA is the most preferable inhibitor for NaOCI based slurry.
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Selectivity (Cu/Co)
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L-Ascorbic acid BTA Uric acid
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Figure 4.2. 8 The effect of different inhibitors on selectivity using NaOCI (0.5 wt. %),

fumed silica (2 wt. %) and inhibitor (5mM) at 100 rpm table speed and pH 9

X-ray diffraction analysis
XRD analysis on Co surface prior to etching and post etching with 0.5 wt. % NaOCl and 5 mM

BTA at pH 5 and pH 9 was performed and the results obtained are displayed in Figure 4.2.9.
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XRD analysis (Bragg Brentano geometry) on Co surface prior to etching and post etching with
0.5 wt. % NaOCl and 5 mM BTA at pH 5 and pH 9 was performed and the results obtained are
displayed in Figure 4.2.9. Here, Cu Ka (grit wavelength=1.5406 A) was selected as the X-ray
source. Indexing of the peaks are done using JCPDS (Joint Committee for Powder Diffraction
Standards) software. The diffraction peaks at 41.6°, 44.4°, 47.4° and 75.72° corresponding to
miller indices of (100), (002), (101) and (101) were observed for Co surface prior to etching.
No additional peaks were observed for the Co surface etched at pH 5. For Co coupon etched at
pH 9, an extra peak at 62.8° that corresponds to Co(OH)2 is observed. Ever, the intensity of the
peak is not significant which indicates that the formation and removal of oxides are more

dynamic in nature.
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Figure 4.2. 9 XRD pattern of Co prior and post etching using NaOCI (0.5 wt.%) along

with inhibitor BTA (5mM) at pH 5 and pH 9

424 CONCLUSION
Chemical Mechanical Planarization of Copper and Cobalt using NaOCI, fumed silica, and BTA
is studied in the work. A slight decrease in polish rate is observed with an addition of BTA

along with NaOCI and silica as compared to the slurry containing only silica and NaOCI. This
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slurry gives a selectivity of ~1:1.006 at pH 9 which is desired for interconnect and barrier
metals to be used in semiconductor industry. The decrease in removal and etch rates from
neutral to highly alkaline regions is observed for all the experiments performed using NaOCI
based slurries. This indicates a formation of stable passive layer on both the metal surfaces in
the alkaline regime resulting in less dissolution of the metal as compared to that of acidic
regime. Co(ll) oxide/hydroxides (Co(OH),) are formed at neutral and lower alkaline region.
The effect of varying turntable speed and down force pressure does not have any prominent

impact on selectivity obtained with formulated slurry at optimized conditions.
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4.3  Controlling Galvanic Corrosion with Oxalic acid and Imidazole for Chemical
Mechanical Planarization of Cobalt-Copper Interface

4.3.1 Motivation

The shrinkage of ultra large scale integrated (ULSI) circuits to sub-10nm nodes result in
numerous challenges during fabrication of Copper (Cu) damascene interconnects. These
mainly consist of increasing resistivity, inadequate gap filling, thickness reduction, resistance-
capacitance signal delay and pinched-off opening caused by Ta/TaN barrier structure.(Wang
et al., 2014b; Li et al., 2016; R Popuri, Sagi, Alety, Peethala, Amanapu and Patlolla, 2017;
Zhang et al., 2017) Recently cobalt (Co) has come up as a promising barrier or capping material
with the feasibility of direct deposition of Cu without the need of any seed layer.(Roule et al.,
2007; Kadam, Yerramilli and Bahadur, 2009; Lu, Wang, et al., 2012; Jiang, He, Yan Li, et al.,
2014b; Zhong et al., 2014) Even at smaller dimensions, cobalt has a lower resistivity of ~6.2
uQ cm. It also provides a good step coverage, higher thermal stability, good Cu line adhesion
and is chemically inert.(Peethala et al., 2012; Jiang, He, Yan Li, et al., 2014b; Li et al., 2016;

S. Yang et al., 2019)

During fabrication of semiconductors, post electrodeposition of Cu interconnect and Co barrier,
a planar surface is required for further level metallization for which the Chemical mechanical
polishing (CMP) method is opted. However, for proper execution of Co/Cu CMP, a polishing
slurry is required that would reduce Cu and Co galvanic corrosion along with providing a near
~ 1:1 Co/Cu removal rate (RR) selectivity. The standard equilibrium potential (E°) of Co/Co?*
(-0.28/SHE) is less than Cu/Cu?"(+0.34V/SHE) and this difference of ~0.61 V results in
galvanic corrosion(Peethala et al., 2012; Li et al., 2016; Fu et al., 2018; S. Yang et al., 2019),
unless the potential gap is maintained to be less than 20 mV.(Peethala et al., 2012; Li et al.,
2016; Fuetal., 2018; S. Yang et al., 2019) Else, during the CMP process voids are formed due

to the dissolution of Co (acts as anode) which subsequently leads to Cu diffusion in dielectric
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layer resulting in device failure.(Li et al., 2016) According to literature, usually alkaline slurries
are preferable for Co CMP as they form a passive oxide on the Co surface.(Nishizawa, Nojo
and Isobe, 2010b; Yao et al., 2018). It is to be mentioned that a formulated slurry should also
be capable enough to provide lower dissolution and high removal rate (>100 nm/min) with
Col/Cu selectivity ~1:1 to avoid copper dishing.(Shi, Schlueter and O’Neill, 2016; R Popuri,
Sagi, Alety, Peethala, Amanapu and Patlolla, 2017) Along with the other components in a
slurry, the polishing pad plays a crucial role in the CMP performance.(Bajaj et al., 2019)
Stavreva et.al(Stavreva et al., 1997) suggested the use of IC 1000/SUBA IV pad over IC 1000
pad as the addition of SUBA 1V layer to IC 1000 gave both good uniformity and higher removal
rates.(Stavreva et al., 1997) Besides, the removal rate and uniformity of the polished metal are
also strongly influenced by conditioning of the pad.(Khanna, Kakireddy, et al., 2020; Khanna,

Yamamura, et al., 2020)

There are various types of components present in a CMP slurry — abrasives, oxidizers,
complexing agents, inhibitors etc.(Ein-eli and Starosvetsky, 2007) Among which the role of
complexing agent to improve the removal rates of the metals is well known.(Venkata R K
Gorantlaet al., 2005; Peethala et al., 2012; R Popuri, Sagi, Alety, Peethala, Amanapu, Patlolla,
etal., 2017; Yao et al., 2018) Using acetic acid as complexing agent, a good material removal
rate along with reduced root mean square roughness is observed.(Zuo et al., no date) Some
other complexing agents which gave promising removal rates and lower dissolution rates are
potassium tartrate(Hu et al., 2021), Diethylenetriamine Pentaacetate Pentapotassium(Liu et al.,

2019),citric acid(Peethala et al., 2012) etc.

The role of an inhibitor in a CMP slurry is noteworthy.(Nishizawa, Nojo and Isobe, 2010b;
Peethala et al., 2012; Ryu et al., 2020; Xu et al., 2021) Xu et.al(Xu et al., 2021) reported that
addition of diethanolamine as an inhibitor reduced the Co surface scratches in an ammonium
sulfate and H20; based slurry.
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Popuri et.al(R. Popuri et al., 2017) studied the effect of potassium oleate (PO) as a corrosion
inhibitor for Co CVD films at a neutral pH for both bulk removal (Step 1 of damascene process)
and barrier removal/interconnect removal (step 2 of damascene process) processes in an H20>
and citric acid based slurry. It was found that PO act as an effective inhibitor for Co-Ti/ Ti-TiN
couple by reducing the galvanic corrosion current to very low values (0.1 pA/cm?) and also
giving better post CMP surface quality.(R. Popuri et al., 2017) Also, it was seen that addition
of PO further reduced the galvanic corrosion current to 0.04 pA/cm? (Ecorr ~7 mV) for Co-TiN
couple along with negligible dissolution and much better post CMP surface quality in an
ammonium persulfate based slurry.(Ranaweera et al., 2019) Hu et.al.(Hu, Pan, Xu, et al.,
2020b) found that inhibitor MBTA along with H202 and hydroxyethylidene diphosphonic acid
in an alkaline based solution acted as a good candidate for Co/Cu planarization and gave a
comparatively good selectivity. It was found that BTA gave better inhibition as compared to
TAZ for Co surface.(Yin, Yang, Niu, et al., 2020) BTA forms Co-BTA complex on both the

metallic and oxide Co, thus enhancing the inhibition property of BTA.

With the aim to diminish the galvanic corrosion between Co and Cu, Yang et al.(S. Yang et
al., 2019) reported that solution of 0.1 wt.% H>O> + 200 ppm benzotriazole + 100 ppm PMP
(1-phenyl-3-methyl-5-pyrazolone) at pH 10 reduced the potential difference from ~250 to ~5
mV of Co and Cu disk. Fu et al.(Fu et al., 2018) formulated a slurry consisting of 345 ppm
1,2,4-triazole and 0.05 wt.% FA/O chelating agent in 0.1 vol% H.0> + 0.5 wt.% colloidal silica
to reduce the corrosion potential to 1 mV and current density to 0.02 nA/cm? providing Co/Cu
selectivity of 1.32:1. Li et al.(Li et al., 2016) proposed that slurry consisting of 5 wt.% silica +
Iml/L H202+ 30 ml/L AEO (fatty alcohol polyoxyethylene) + 5 ml/L FA/O at pH < 8 decreases
the potential difference from ~300 mV to 20 mV between Co and Cu coupons. Peethala et
al.(Peethala et al., 2012) proposed a slurry consisting of 3 wt.% colloidal silica + 1 wt.% H>0>

along with 0.5 wt.% arginine and 5 mM benzotriazole at pH 10 to reduce the open circuit
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potential to ~10 mV and Cu/Co RR selectivity ratio to ~0.8:1. Hu et.al(Hu, Pan, Li, et al.,
2020) claimed that use of potassium tartrate as complexing agent and TT-LYK as inhibitor in
an alkaline based H20- slurry gave a reduced galvanic corrosion and desired selectivity along
with minimized post CMP issues for a Cu/Co/TaN system. From the studies done till date, it
was observed that Co is more prone to corrosion owing to the fact of having lower reduction
potential than Cu.(Wang et al., 2014b; Park, Paluvai and Venkatesh, 2018) Hence, the selected
slurry should be capable enough to passivate the surface as well as inhibit galvanic corrosion.
Although a few slurry formulations have been proposed for Co / Cu system, most of them were
either oriented towards selectivity or towards reducing galvanic corrosion. Studies referring to
obtain desired selectivity of ~1:1 for Co/Cu along with reduced galvanic corrosion and high

polish rate: static etch ratio are limited in the literature.

Therefore, in this objective, we have focused on formulating a silica-based polishing slurry to
attain Co/Cu RR selectivity ratio of 1:1 (with good removal rates and lower etch rates) and to
reduce the corrosion potential gap of a Co-Cu galvanic couple. The experiments were
performed at different pH values. However, based on the polishing and the electrochemical
results obtained during screening (using 0.1wt.% H20- solution), pH 9 was considered as the
optimal pH for further investigation. Thus, we studied the role of different components of the
slurry on removal of Cu and Co at pH 9. Oxalic acid as complexing agent along with hydrogen
peroxide (H202), and imidazole (azole) are the different components used. The electrochemical
measurements of the proposed solution were performed for investigating Co-Cu galvanic
corrosion reduction at pH 9. It is to be noted that although various complexing agents
(guanidine carbonate, L-arginine, glycine and oxalic acid) and inhibitors (uric acid, BTA, L-
ascorbic and imidazole) have been tried (the results are not shown here), oxalic acid as
complexing agent and imidazole as inhibitor were suggested amongst other combinations

based on the polishing performance and corrosion potential gap (AEcorr) values.
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4.3.2 Experimental Conditions

Electrochemical experiments

Electrochemical experiments were carried on a Gamry-1010 electrochemical workstation using
a three-electrode glass cell (500 ml volume). Ag/AgCl (3M KClI) electrode and platinum wire
were used as reference and counter electrode respectively. Cobalt (99.95% pure, 9 mm
diameter) and copper (99.98% pure, 7 mm diameter) were used as working electrodes for
performing the electrochemical experiments. As per ASTM E 3 (Standard Guide for
Preparation of Metallographic Specimens) the working electrodes were wet polished initially
with 1um micro polish alumina paste followed by 0.3pum micro polish alumina paste (Buehler,
USA) prior to each electrochemical run. The polishing was done in a specific pattern until
visibly clear blazing surface is acquired. The electrodes were then cleaned thoroughly and
sonicated for 1 min in DI water. The scanning range for open circuit potential versus time
curves was set to -1 V to 1 V for 600 sec. For generating potentiodynamic polarization (Tafel)
curves the scanning rate was 1 mV/s OCP in the range of Eoc £250 mV. The pH of the solutions
was tuned either using nitric acid or potassium hydroxide. The corrosion current density (lcorr)
and corrosion potential (Ecorr) Were ascertained by using the system inbuilt software (Gamry
Instrument). The pH of the solution was set at pH 9 for all experiments unless mentioned

otherwise.

Static etch rate experiments

Static etch rate (SER) of Cu and Co were conducted using 99.95% pure cobalt (9 mm diameter
and 1 mm thick) and 99.98% pure copper (7 mm diameter and 2 mm thick) bulk metal coupons.
As per ASTM E 3 (Standard Guide for Preparation of Metallographic Specimens) and ASTM
E407 (Standard Practice for Micro etching Metals and Alloys) methodology, a water-resistant

emery paper of 600 grit size was used to polish Cu and Co coupons before every set of
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experiment. Each pre-weighted coupon was immersed for 30 min of time in the etchant
solution, followed by thorough washing with Millipore water and air dried before weighing
again. The weight loss was determined using gravimetric analysis and the average value of

three sets of experiments are taken as the reported results.

Polishing Experiments

CMP experiments were conducted on bench top Labopol-20/ Laboforce- 50 polisher (Struers,
Denmark). All the polishing experiments were conducted at 100 rpm turntable speed and with
a down pressure of 5.72 psi. For polishing experiments non-woven Texmet C, PSA pad
(Buehler) with 8” diameter was used. Bulk Cobalt (25 mm dia.) and copper (25.4 mm dia.)
metal coupons with 99.95% and 99.98% purity respectively were used for the polishing
experiments. It is to be noted that all the metals discs were acquired from Tecnisco Advance
Materials Pvt. Ltd, Singapore. Prior to each polishing run, conditioning of the polishing pad
was done in order to eliminate the residue formation on the pad. For conditioning the polishing
pad, a traditional method of manual conditioning using emery sheet of a fixed grit size (600)
was opted. Similar conditioning of polishing pad using emery sheet of fixed grit size is reported
in literature.(Li and Babu, 2001; Manivannan and Ramanathan, 2009) Cab-o- Sil, M-5P, fumed
silica (Cabot- Sanmar, India) was used as abrasives. Imidazole (Himedia India), oxalic acid
(Himedia, India) and H20. (Loba Chemie Private Limited, India) were used as inhibitor,
complexing agent and oxidizer respectively. The pH of the slurry was tuned either by using
potassium hydroxide (Himedia, India), or nitric acid (Himedia, India). The slurry was
transported to the polishing machine through Miclins (Model PP- EX 20) peristaltic pump that
had a maintained flowrate of 100 ml/min. Dummy runs comprising of 1 wt. % silica was
performed prior to actual runs for every new pad used. There runs were carried out in order to
get a stable and consistent result. The weight loss was studied gravimetrically using Sartorius
balance with readability 0.0001 g and the removal rate was calculated. The coupons were
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cleaned with Millipore water and air dried before weighing each time. Polishing experiments
were repeated thrice and the average removal rate (RR) value is reported with standard

deviation.
Material Characterization

For determining the compounds of Co and Cu formed at various chemical treatments, a Fourier
Transform Infrared Spectroscopy (FTIR) was performed by scanning the metal coupons in the
wavenumber range of 4000-400 cm™ on Spectrum series (Perkin Elmer, USA) unit. The
analysis of FTIR on these treated metal coupons were done using an ATR accessory with a
diamond crystal. The compounds were confirmed by determining the functional groups of the
same. Ultra Violet Visible Spectrophotometer (UV Vis) (Perkin Elmer, USA) was performed
to second the formation of the compounds. The peaks and the valleys of UV absorption spectra
reported in the manuscript are identified by the inbuilt software, UV WinLab. Prior to analysis
the coupons were treated in various aqueous solutions at pH 9 : (i) DI water (ii) 0.1wt.% H20-
(iii) 0.1wt.% H.02 + 0.02 M oxalic acid and (iv) 0.1wt.% H>O; + 0.02 M oxalic acid + 5 ppm

imidazole. The metal treated in DI at pH 9 is taken as reference.

4.3.3 Results and discussion

In terms of reactivity, Cu is considered more noble than Co metal. Therefore, in a Co-Cu
galvanic couple, Co will acts as an anode whereas Cu will act as a cathode.(Bilouk et al., 2009b;
Shimizu, Sakoda and Shimogaki, 2013) The schematic of the galvanic corrosion between Cu
and Co is shown in Figure.4.3.1 whereas the potentiodynamic polarization plot of Co and Cu
in the DI water at pH 9 is displayed in Fig.4.3.2. A potential difference of ~279 mV between
Co and Cu at pH 9 ensures the occurrence of galvanic corrosion. Thus, it is required to
minimize the potential difference (driving force) to control galvanic corrosion between Co and

Cu.
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Galvanic corrosion

N\

Dielectric

Figure 4.3. 1 Diagrammatic representation of galvanic corrosion between copper and

cobalt.(Zhang et al., 2017)
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Figure 4.3. 2 The potentiodynamic polarization curves of DI water for Co and Cu at pH

9.
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Effect of H.O> on the SER, RR and electrochemical properties of Co and Cu:

Static etch rates (SER) of Co and Cu as a function of pH (3,5,7,9 and 11) in 0.1 wt.% H>0>
solution is displayed in Figure.4.3.3. A decreasing trend of SER with respect to pH is observed
for both Co and Cu. For Co, SER of ~9 nm/min at pH 3 is decreased to ~1 nm/min at pH 11
whereas for Cu SER of ~14 nm/min at pH 3 is decreased to ~3 nm/min at pH 11. The reduced
values of SER in alkaline region with respect to the low pH values is attributed to the generation
of passivation film on the Co and Cu metal surfaces.(Peethala et al., 2012) This film prevents

the dissolution of metal in alkaline region.

mECo mCu

1.,

pH

Etch rate (nm/min)
= = [~
» O N (6] [00]

w

o

Figure 4.3. 3 Etch rate of Co and Cu in 0.1wt.% H»0O> at varying pH.

The passivation film formation is mainly based on the electrode potential and pH of the
solution. The native passivating oxide formed on the surface of Co is CoO and
Co0.H20.(Jiang, He, Yan Li, et al., 2014b) However, in the acidic solution, the native
passivating film becomes unstable and dissolves as shown in reaction (1). The etching of the
unstable native passivating film at acidic medium results in exposure of the bulk Co and thus

causing higher dissolution of the metal. Therefore, higher removal rate is observed at the acidic
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medium which is illustrated in reaction (2). Also, Mohs’ hardness of silica (6-7 Mohs”) is more
than Co (5.0 Mohs’). Therefore, while polishing in acidic medium, after subsequent dissolution

of native passivating film, fumed silica (SiO>) easily abrades the exposed bulk Co. In neutral

(pH=7) and alkaline region (7 > pH < 10), a passivating stable film of Co(OH), is formed on

the Co surface as shown in reaction (3). Due to the presence of more dissolved oxygen, the

passivation layer of Co (111) oxide (Co,H, and CoOOH ) is dominant in alkaline region on the

Co surface which is illustrated in reactions (4.3.4-4.3.6).(Badawy, F M Al-Kharafi and Al-
Ajmi, 2000; Lu, Wang, et al., 2012; Lu, Zeng, et al., 2012; Peethala et al., 2012; Jiang, He,
Yan Li, et al., 2014b; Fu et al., 2018; Hazarika and Rajaraman, 2020) For this reason, alkaline

medium is usually preferred for Co polishing.

Likewise, Cu in alkaline solution forms passivating layers of CuO, Cu20 or Cu (OH)2, as
shown in reactions (7-10).(Zhang et al., 2017; Fu et al., 2018) The presence of the mentioned
passivating layers on Co and Cu surface in alkaline region can be seconded from the Pourbaix
diagram.(Tamilmani et al., 2002; Ichige et al., 2015) H.O as an oxidizer assists in the
generation of hydroxyl radicals (OH~) as shown in equation (4.3.11) and accelerates the

reactions (4.3.5-4.3.10).

The Co and Cu passivation observed at different pH regions are given by the following

reactions:
Co reactions

At acidic medium

CoO(0orCo0.H,0) +2H" — Co** + H,0(or2H,0) [4.3.1]

Co+2H" —Co* +H, [4.3.2]

At neutral/weakly alkaline medium
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Co(OH)" +OH "~ — Co(OH), [4.3.3]

At higher alkaline medium

O, +2H,0+4e” «<>40H" [4.3.4]
3Co(OH), +20H "~ <> Co0,0, +4H,0 +2e" [4.3.5]
Co(OH), + OH~ <> CoOOH + H,0 +e" [4.3.6]

Cu reactions

At alkaline medium

Cu+OH™ —» CuOH +e" [4.3.7]
CuOH +OH™ > CuO+H,0+2e - [4.3.8
Cu+20H~ — Cu(OH), +2e— [4.3.9]
Cu(OH), —=—=Cu*" +20H" [4.3.10]

Reduction reactions

H,O, + 2™ <> 20H" [4.3.11]
4H" +0, +4e” —2H,0 [4.3.12]

The potentiodynamic polarization plot of Co and Cu in 0.1wt.% H2O2 is shown in Figure.4.3.4.
It was observed that adding 0.1wt.% H>O> in DI water reduces the corrosion potential gap
(AEcorr) of Co and Cu to ~49 mV from ~279 mV at pH 9. According to literature,(Peethala et
al., 2012) small amount of H2O, efficiently inhibits corrosion of Co-Cu couple. However, a
high concentration of H>O> at high pH is usually avoided as it affects the slurry

stability.(Peethala et al., 2012) The observed reduction in corrosion potential obtained from
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Figure.4.3.4 after addition of H20: is attributed to the self-passivation of Co and Cu surfaces

due to the generation of metal oxides by the hydroxyl radicals. The passivation film formed on

Co and Cu surface in 0.1wt.% H20; solution at pH 9 are mainly insoluble CozHs, CoOOH and

CuO, Cu(OH), metal oxides, respectively.(Lu, Wang, et al., 2012; Peethala et al., 2012; Jiang,

He, Yan Li, et al., 2014b; Zhang et al., 2017; Fu et al., 2018) A similar decrease in potential

difference using hydrogen peroxide at pH 10 was reported earlier for Co and Cu.(Peethala et

al., 2012)
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Figure 4.3. 4 The potentiodynamic polarization curves of Co and Cu at pH 9 in 0.1wt.%

H20>,

Further to get more insight on Co and Cu passivation, FTIR and UV spectra analysis for Co

and Cu compounds were performed. The FTIR spectra were acquired in the range of 4000-400

cmt and are illustrated in Figure 4.3.5 (i) and (ii) respectively. The FTIR spectra of DI treated

Co and Cu are taken as reference. For Co compounds formed on treatment of pure Co in H203,

the peak observed at 3342 cm™* correlates to the stretching of hydrogen bonded O-H group.(Xie
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et al., 2010; Zhang et al., 2012; Onwudiwe, Ravele and Elemike, 2020) Whereas, the band at
2924 cm™ occurs anticipates to the O-OH bond that is in interaction with the atoms of
Co.(Zhang et al., 2012) The other peaks at 1615 cm™ corresponds to the Co—O double bond in
CoOOH compounds (Zhang et al., 2012) and 2033 cm™ and 1363 cm™ bands corresponds to
hydroxide (O-H) group stretching and bending of water molecules.(Xu and Zeng, 2003) The
peaks ascribed at 1469 cm™, 1035 cm™, 839 cm™ and 714 cm™ are identified as vibrational
stretching of v(OCO3), v(C= 0), (CO3) and 3(OCO) respectively.(Xie et al., 2010) Whereas
the bond at 592 cm™ are assigned to classic stretching of Co-O in CozO4 compounds.(Guan et

al., 2003)

From FTIR spectra of Cu products on treatment with H,O, it was seen that at 3796 cm™ and
3644 cm™, free and hydrogen bonded O-H are observed.(Awwad and Albiss, 2015) The peak
at 1356 cm™ and 1140 cm™ depict the stretching and vibrational Cu-OH in Cu(OH)..(Awwad
and Albiss, 2015; Devamani, R Hepzi Pramila Alagar, 2017) Whereas, the bands at 614 cm™
and 480 cm™ attributes to presence of CuO compounds (Cu-O stretching and vibrational

mode).(Jadhav et al., 2011)
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Figure 4.3. 5 FTIR spectra of (i) Co and (ii) Cu treated at pH 9 in (a) DI water (b)
0.1wt.% H20> (c) 0.1wt.% H>O, + 0.02M oxalic acid and (d) 0.1wt.% H>0, + 0.02M

oxalic acid + 5ppm imidazole solution.

The UV spectrum were scanned in the range 200 to 800 nm and displayed in Figure 4.3.6 (i)
and (ii). For H2O: treated Co, an absorption valley and a peak band at 238 nm and 398 nm
respectively are observed attributing the presence of CoOOH compounds.(Liu et al., 2018)
Also, typical absorption valleys and peaks at 215 nm, 568 nm and at 225 nm, 576 nm observed
confirm the presence of Coz04 compounds.(Dewi, Yulizar and Bagus Apriandanu, 2019) These
peaks obtained stipulates the conversion of O% to Co?" transition.(He et al., 2005) For Cu
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treated at H.O», peak at 370 nm corresponds to Cu(OH). adsorption band gap.(Li et al., 2013)
Also, a peak at 295 nm is observed in the absorption peak range which corresponds to CuO

compounds.(Felix, Chakkravarthy and Grace, 2015)
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Figure 4.3. 6 UV spectra of (i) Co and (ii) Cu treated at pH 9 in (a) DI water (b) 0.1wt.%
H202 (c) 0.1wt.% H20, + 0.02M oxalic acid and (d) 0.1wt.% H202 + 0.02M oxalic acid +

5ppm imidazole solution.

As mentioned earlier, apart from reducing galvanic corrosion, the barrier slurry should also be
capable of polishing Co and Cu metals with a 1:1 removal rate selectivity ratio. Prior to the
polishing experiments, the dissolution rates were investigated as shown in Figure. 4.3.7(i). The
polishing experiments were performed using 1wt.% fumed silica along with 0.1wt.% H>0>
which is displayed in Figure 4.3.7(ii). From the figures it can been seen that the RR is higher
as compared to the SER. The higher material RR in polishing experiments is attributed to the
synergistic effect of fumed silica (abrasive) and H202 (oxidizer). The RR of Co and Cu was 29
nm/min and 76 nm/min at pH 9 resulting in a very low RR selectivity (Table I). The RR
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selectivity of Co and Cu was found to be ~0.38, which in any case is not acceptable. Taken
together the electrochemical and polishing results, 0.1wt.% H>O, solution at pH 9 was

considered for further investigation and chosen as reference solution.
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Figure 4.3. 7 (i) Etch rate and (ii) Removal rate of Co and Cu in various solutions

(inclusive of 1 wt. % silica at all conditions).
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Effect of oxalic acid on the ER, RR and electrochemical properties of Co and Cu:

Through a set of screening experiments which is not shown here, the concentration of
complexing agent, oxalic acid was selected as 0.02 M. The polishing experiments shown in
Figure.7(ii) were performed to evaluate the consequences of oxalic acid on RR of Co and Cu.
It was observed that the Co RR and Cu RR showed a substantial rise after addition of 0.02 M
oxalic acid. The rise of Co RR is more than the Cu RR. Oxalic acid acts as a potent complexing
agent by forming complexes with the oxide layer on the metal (Co and Cu) surfaces, which is
further removed by the abrasion of fumed silica, thus resulting in higher RR. On the inclusion
of 0.02 M oxalic acid the RR, of Co increased from 29 nm/min (reference) to 392 nm/min and
the RR of Cu increased from 76 nm/min to 201 nm/min respectively. The RR selectivity

between Co and Cu also increased to ~1.95 from ~0.38 (reference), as shown in Table 4.3.1.

Table 4.3. 1 Calculated corrosion potential (Ecorr), corrosion current density (lcorr) and galvanic

corrosion current (lgc) from potentiodynamic polarization plots

Solution system at Copper Cobalt Difference Galvanic Co: Cu (RR
pH9 (Cu—Co) corrosion  Selectivity)
current
Ecorr Icorr Ecorr Ico)rr I AEcorr I I AIcorr I Igc

(mV)  (nA/em?)  (mV)  (pA/em?)  (mV)  (pA/em?)  (pA/cm?)

DI water -81 1.85 -360 3.76 279 1.91 1.65x107 -
0.1wt.% H,0; 335 62.36 286 9.18 49 53.18 3.25x10° 29:76

(0.38)
0.1wt.% H,0, + 136 137.10 76 56.06 60 81.04 2.50x10° 392:201
0.02M Oxalic acid (1.95)
0.1wt.% H,0,+ 177 57.63 189 36.31 12 21.32 5.52x10° 147:140
0.02M Oxalic acid + (1.05)
5ppm Imidazole
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As per literature, carboxyl group are generally used to enhance the Co removal rate by forming
complexes with the oxidized metal layer.(V R K Gorantla et al., 2005; Venkata R K Gorantla
et al., 2005; Ramakrishnan et al., 2007; Janjam et al., 2008, 2009; Miller and Granstrom, 2017)
Also, use of oxalic acid (dicarboxylic acid) as complexing agent in H>O2 based chemistry for
Cu CMP is noteworthy.(Venkata R K Gorantla et al., 2005; Lowalekar, 2006; Pandija, Roy
and Babu, 2007; Wu and Tsai, 2007) In aqueous solution, oxalic acid dissociates in two steps
as shown in reaction 4.3.13 and reaction 4.3.14 to form oxalate ions (C204?").(Qi, 2018) These

oxalate ions (Ox? = C204%") react with oxides of Co and Cu as shown in Equation 4.3.15-4.3.17

to form Co-oxalate [ Co(Ox)3~] and Cu-oxalate [ Cu(Ox)3 ] complexes.(Meites, 1950; Barney,

Argersinger and Reynolds, 1951; McAuley and Nancollas, 1960; GaSparac, Martin and
Stupnisek-Lisac, 2000) These oxides have reasonable solubility in alkaline region.(Meites,
1950; Barney, Argersinger and Reynolds, 1951; McAuley and Nancollas, 1960) Thus, the
observed higher material removal in the presence of oxalic acid might be attributed to the
formation of Co-oxalate and Cu-oxalate complex, which is detached from the surface by the
abrasive action of fumed silica. The molecular structure of oxalic acid(Abdel-Moemin, 2014)

is displayed in Figure.4.3.8 (i).

C,H,0,——=H"+HC,0, [4.3.13]

HC,0, =——=H" +C,0;" [4.3.14]

At alkaline region

Co(OH), +20x* — Co(Ox)5 +20H" [4.3.15]

CuO + H,0+20x* — Cu(Ox)Z +20H" [4.3.16]

Cu,0 + 40x*+ H,0 — 2Cu(Ox)> +20H " +2e” [4.3.17]
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Figure 4.3. 8 Molecular structure of (i) oxalic acid (ii) imidazole

The Co and Cu potentiodynamic polarization curves in 0.02 M oxalic acid in the presence and
absence of 0.1 wt.% HO, are shown in Figure.4.3.9(i) and (ii). These experiments were
performed to study the effect of oxalic acid on potential difference of Co-Cu galvanic couple.
A higher difference (AEcorr) 0f 352 mV is obtained in the presence of only 0.02 M oxalic acid

at pH 9.

133
TH-3022_166107118



TH-3022_166107118

E(V vs. Ag/AgCI)

E(V vs. Ag/AgCl)

0.40
0.30
0.20
0.10
0.00
-0.10
-0.20
-0.30
-0.40
-0.50

0.50

0.40

0.30

0.20

0.10

0.00

-0.10

-0.20

(a) Cu with 0.02 M Oxalic acid
(b) Co with 0.02M Oxalic acid

(@)

Eorr CU = 74MV

E.orr CO =-278MmV

corr

Log i (A/cm?)

(@) Cu with 0.1 wt% H,O, + 0.02M Oxalic acid
(b) Co with 0.1 wt% H,0, + 0.02M Oxalic acid

(@)

(b)

8 7 6 5 -4 3 =2

Log i (A/cm?)

134
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Figure 4.3. 9 The potentiodynamic polarization curves of Co and Cu with (i) 0.02M
oxalic acid; (ii) 0.1wt.% H202 + 0.02M oxalic acid; (iii) 0.1wt.% H202 + 0.02M oxalic

acid + 5ppm imidazole.

The addition of 0.02 M of oxalic acid to 0.1 wt.% H.O> (Figure.4.3.9(ii)) solution varied the
Ecorr and lcorr for both Co and Cu as compared to the reference electrolyte (Figure.4.4.4). For
Co, the Ecorr Value decreased from 286 mV to 76 mV and the lcorr Value increased from 9.18
HA/cm? to 56.06 pA/cm?. For Cu, the Ecor Value decreased from 335 mV to 136 mV and the
lcor Value increased from 62.36 pA/cm? to 137.10 puA/cm?. The AEcor showed an increase from
49 mV (reference) to 60 mV, whereas Alcor increased to ~81 pA/cm? from ~53 pA/cm?
(reference). Besides, the igc value increased from 3.25x10° pA/cm? (reference) to 2.50x10°
HA/cm2.The values are displayed in Table 4.3.1. It is to be mentioned that, the galvanic
corrosion current (igc) is calculated from the (E, i) coordinates of the intersection of Co anodic
Tafel branch and corresponding Cu cathodic Tafel branch.(Turk et al., 2015) It is to be noted

that galvanic current density highly depends on the potential gap of the two metals. Hence, in

135
TH-3022_166107118



this case, the point of intersection moves toward left with the reduced absolute value of

potential gap between Cu and Co.(Ahmad, 2006)

The FTIR and UV spectra of Co and Cu compounds formed on treatment in H20- + oxalic acid
are displayed in Figure 4.3.5 (i) and (ii) and, Figure 4.3.6 (i) and (ii) respectively. For FTIR
spectra of Co compounds formed in oxalic acid added H2O, solution, peak at 2187 cm™ is
attributed to C=0 stretching (vibrational) of the carboxylic acid.(Muthuselvi, Arunkumar and
Rajaperumal, 2017) Board adsorption peaks at 1687 cm™ and 667 cm™ correlates to the
presence of Co-O double bond and Co-O stretching present in CoOOH and Co0304
compounds.(Jagadale, Dubal and Lokhande, 2012; Zhang et al., 2012) This confirms the
formation of Cobalt-oxalate compound. Whereas for Cu compounds formed in H>O,-oxalate
system, small bands belonging to oxalate structure are seen at 1634 cm™, 1364 cm™, 1099 cm-
Land 783 cm™.(Pandey, 2015; Minu Mary et al., 2016) The peak at 3834 cm™ hydrogen bonded
0-H.(Awwad and Albiss, 2015) Also, at 495 cm™, a band corresponding to Cu-O vibration is
observed.(Jillani et al., 2018) This confirms the formation of Copper oxalate

compounds.(Hussain, Al-nuzal and Al-qazzaz, 2016)

From UV spectra of Co treated in H2O. and oxalic acid solution, as expected absorption peaks
at 255 nm, 274 nm and 382 nm are observed. This absorption region nearby at 250-450 nm
range depicts the formation of Cobalt oxalate complexes on treatment with oxalic acid as
complexing agent.(Pandey, 2015) Similarly, for Cu, peaks at 371 nm and 483 nm were
identified as Cu compounds. The presence of a sharp peak at 392 nm confirms the formation
of oxalic acid complexes.(bama, Kiruban and dran, 2017) Also, the decrease in absorbance
intensity of the compounds formed on addition of oxalic acid to H.O> seconds the formation

of Cu-oxalate complexes.
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Now, in order to improve selectivity and further reduce the corrosion potential and galvanic
current density of Co -Cu galvanic couple, an addition of inhibitor imidazole as additive is
taken into consideration. Although the role of imidazole and its derivatives as an inhibitor have
been separately investigated for Co CMP(Shi, Schlueter and O’Neill, 2016; Shi et al., 2019;
Reichardt et al., 2021) and Cu CMP(Gasparac, Martin and StupniSek-Lisac, 2000; Lee, 2003;
Ma et al., 2020), to the best of our knowledge, the role of imidazole in reducing galvanic
corrosion of Co/Cu couple along with obtaining desired selectivity has not been investigated

yet.

Effect of imidazole on SER and Co/Cu RR selectivity and in reducing Co-Cu galvanic

corrosion:

Imidazole being a nitrogenous heterocyclic compound of the azole —group, is reported as an
effective corrosion inhibitor for various metals such as Cu, Ru, Al.(Gasparac, Martin and
Stupnisek-Lisac, 2000; Stupnisek-Lisac, Gazivoda and Madzarac, 2002; Lee, 2003; Bui et al.,
2012; He et al., 2014; Ko et al., 2021) Thus, polishing experiments were performed to evaluate
the combined effect of 1 wt.% fumed silica + 0.1 wt.% H>0, + 0.02 M oxalic acid solution
along with 5 ppm imidazole on removal rate selectivity of Co and Cu. Prior to polishing
experiments, dissolution studies were conducted to investigate the dissolution rates of the
metals in the solution. SER and RR (with fumed silica) of Co and Cu at pH 9 with reference
solution + 0.02 M Oxalic acid + 5 ppm imidazole are illustrated in Figure. 4.3.7(i) and (ii).
From these figures, it was seen that the addition of inhibitor decreases the SER from 18 nm/min
to 9 nm/min and from 12 nm/min to 10 nm/min for Co and Cu respectively. The RR of Co and
Cu in the presence of 1 wt.% fumed silica with reference solution + 0.02 M oxalic acid + 5

ppm imidazole solution was 147 nm/min and 140 nm/min respectively (Figure.4.3.7(ii)). The
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use of 1 wt.% fumed silica + 0.1 wt.% H20: + 0.02 M oxalic acid + 5 ppm imidazole slurry

gave a Co/Cu removal rate ratio (selectivity) of ~1.05:1.

The addition of 5 ppm imidazole directly into 0.1 wt.% H>0. (without oxalic acid) solution
showed reduction in potential gap between Co and Cu to a great extent but showed an

inconsiderable RR selectivity.

For further investigation, Co and Cu potentiodynamic polarization plots with 5 ppm imidazole
in 0.02 M oxalic acid and 0.1 wt. % H»>O> solution were acquired and are shown in Figure.4.3.9
(iii). The addition of 5 ppm imidazole to 0.02 M oxalic acid + 0.1 wt.% H20O., reduced the
AEcorr and Alcorr Values. For Co, the Ecorr and lcorr Values were found to be 189 mV and 36.31
HA/cm? respectively (uncertainty on this value is higher due to passivation regime in anodic
curve), whereas for Cu, the Ecor and lcorr Values are 177 mV and 57.63 pA/cm? respectively.
Thus, from the Ecorr Values, it is seen that presence of 5 ppm imidazole reduced the potential
gap to 12 mV from 60 mV. This indicates that a small amount of imidazole in 0.02 M oxalic
acid and 0.1 wt. % H20- solution can prevent Co and Cu galvanic corrosion significantly. With
Co and Cu, the lcor Value was found to be 36.31 pA/cm? and 57.63 pA/cm?, respectively,
reducing the Alcor t0 21.32 pA/cm? from 81.04 uA/cm? (in the absence of imidazole). The
galvanic current density (igc) decreased from 2.50x10° uA/cm? (in the absence of imidazole)
to 5.52x10° pA/cm?. The calculated values of Ecor, lcorr, AEcorr, Alcorr and lgc Obtained from
Figure. 4.3.2, Figure. 4.3.4 and Figure. 4.3.9 are summarized in Table 4.3.1. It is to be
mentioned that the metal converts to its ions at anodic potentials to release electrons forming
insoluble products like oxides/hydroxides on the metal surface. Whereas, at cathodic potentials,
the electrons released take part in the oxygen reduction reaction as shown in reactions (4.3.4)
and (4.3.12).(Zhong et al., 2014) In the present study, the addition of imidazole enhances Ecorr
values of both Cu (136 mV to 177 mV) and Co (76 mV to 189 mV) with Co being

comparatively higher. It is to be noted that the formation of passive film on metal surface
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enhances the Ecor value. Besides, the slope of the anodic polarization curve increases with
imidazole addition for both the metals but again to a higher extent for Co. Thus, imidazole
adsorbs on these metal/metal oxide surfaces via -C=NC and -C-NH-C interactions(Ko et al.,
2021) , forms a protective film and suppresses the anodic reaction rate for both the metals by
blocking the active corrosive sites. However, the effect is more pronounced on Co compared
to Cu as observed from polarization curves. Etch rate and polish rate results also mimic the
same trend. The adsorption of imidazole on these metal surfaces could be physisorption or
chemisorption or a combination of both. Further investigation is necessary to understand the
nature of adsorption on these metal surfaces. The molecular structure of imidazole(Atanasova-

Stamova, Georgieva and Georgieva, 2018) is displayed in Figure 4.3.8(ii).

For compounds formed in imidazole added oxalic acid + H20> solution, from FTIR spectra
displayed in Figure 4.3.5 (i) and (ii), the peaks observed at (a) Co-624 cm™ and 1300 cm™ ,(b)
Cu- 651 cm™ and 1112 cm™ corresponds to imidazole C-H stretching.(Rajkumar and Ranga
Rao, 2008) Whereas, the smaller peak obtained at 1598 cm™ for Co is attributed to the C=N
bond stretching of imidazole.(Recovery et al., 2016) Also, the peaks ascribed at 3718 cm™,
1668 cm™ and 595 cm™ for the Cobalt compound correspond to N-H stretching, N-H bending
and Co-O stretching vibrations respectively.(Sipaut et al., 2005; Zhang et al., 2012) For Cu,
the peak at 3800 cm™ depicts hydrogen bonded OH group(Awwad and Albiss, 2015) whereas
the ones ascribed at 1618 cm™, 1320 cm™, and 533 cm™ depict C=N of imidazole stretching,
Cu-OH stretching nodes and Cu-O vibrational modes respectively.(Devamani, R Hepzi
Pramila Alagar, 2017; Jillani et al., 2018) However, the peaks are not that prominent (flat
orientation) for the oxidized compounds like the previous cases, this marks the possible
involvement of imidazole adsorption on Co and Cu compounds. A similar case where use of

inhibitors suppresses or flattens the peak is observed in literature.(Idouhli et al., 2019)

139
TH-3022_166107118



For UV spectrum (Figure 4.3.6 (i) and (ii)) of Co and Cu treated in H2O> and oxalic acid along
with imidazole, for both the metal compounds a slight shift in the bands were seen as compared
to the Co-complexes and Cu-complexes formed. A similar almost negligible shift in UV

spectrum is observed on imidazole treatment with different components.(Bui et al., 2012)

The experiments were conducted using bulk Co and Cu metal disc with 99.98% and 99.95%
purity. In general, the physical and chemical properties of the metal will vary between thin
metal film deposited on a substrate and bulk metal disc. Thus, the experiments need to be
conducted with thin film wafers and the various parameters such as pressure, rotational speed,
composition of the slurry needs to be tuned further to use this system in the semiconductor

industry.
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Figure 4.3. 10 Corrosion potential difference of Co and Cu in 0.1wt.% H>O + 0.02M

oxalic acid + 5ppm imidazole solution at varying pH.

Figure. 4.3.10 shows the absolute value of Co and Cu corrosion potential difference by using

the proposed solution (0.1 wt.% H.O + 0.02 M oxalic acid + 5 ppm imidazole) at different pH
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values. However, a minimum value of AEcor Was observed at only pH 9. This is due to the fact

that both (Co and Cu) show passivation mainly in the alkaline region.

In summary, the polishing and electrochemical results indicate that the proposed solution (0.1
wt.% H20, + 0.02 M oxalic acid + 5 ppm imidazole) at pH 9 can reduce the corrosion potential

difference to 12 mV and give a desired Co/Cu RR selectivity of ~1.05:1.

4.3.4 Conclusion

The combined effect of oxalic acid and imidazole in a H2O solution on reducing Co-Cu
galvanic corrosion and achieving desired Co/Cu removal rate selectivity was studied. It was
found that both Co and Cu have a low dissolution rate (desired) in 0.1 wt.% H202 chemistry.
The RR of Co and Cu in the presence of 1 wt.% fumed silica with 0.1 wt.% H20, was also very
low with a Co/Cu RR selectivity of ~0.38 (not desired). However, the potential difference was
found to be ~49 mV at pH 9. Addition of oxalic acid (complexing agent) increased the RR of
Co significantly by forming Co-oxalate and Cu-oxalate complexes. It was observed that a small
amount of imidazole exhibited desired results in reducing galvanic corrosion and to achieve
desired selectivity. The addition of 5 ppm imidazole to 0.1 wt.% H>O; + 0.02 M oxalic acid
reduced the corrosion potential difference to ~12 mV at pH 9. Polishing experiments performed
using 1wt.% fumed silica in proposed solution (0.1 wt.% H202 + 0.02 M oxalic acid + 5 ppm
imidazole) showed an acceptable Co/Cu RR selectivity of ~1.05:1. The formation of Cu and
Co complexes with oxalic acid and the inhibition effect of imidazole are observed by FTIR and

UV spectroscopy measurements.
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4.4  Anodic dissolution of Cobalt in hydrogen peroxide solutions with and without
complexing agent: Kinetic analysis by electrochemical impedance spectroscopy.

4.4.1 Motivation

Cobalt (Co) has emerged as one of the most potent barrier metals in the semiconductor devices
owing to its lower resistivity (~6.2 Qm), non-requirement of seed layer deposition,
improvement in electro-mitigation of interconnect etc.(Li et al., 2005; Wu et al., 2017) Hence,
understanding the chemical and physical changes occurring on cobalt surface upon exposure
to various solutions during fabrication of microelectronic chips is vital.(Lu, Zeng, et al., 2012;
Peethala et al., 2012; Li et al., 2016; R Popuri, Sagi, Alety, Peethala, Amanapu, Patlolla, et al.,

2017)

Co usually forms a passivating film of Co (Il) or Co (111) compounds on its surface when in
contact with a reacting environment.(Ismail and Badawy, 2000) At neutral and lower alkaline
region a passivating film of CO(OH), {Co(ll) compounds} is predominant on the metal

surface.(Badawy, F M Al-Kharafi and Al-Ajmi, 2000)
Co(OH)* +OH™ — Co(OH), [4.4.1]

At higher alkaline region, C0,0, and CoOOOH {Co (I1l) compounds} are dominant as the

passivating film. (Badawy, F M Al-Kharafi and Al-Ajmi, 2000; Lu, Wang, et al., 2012; Lu,
Zeng, et al., 2012; Peethala et al., 2012; Jiang, He, Yan Li, et al., 2014b; Fu et al., 2018;

Hazarika and Rajaraman, 2020)

3C0(OH), +20H" <> C0,0, +4H,0+2¢" [44.2]

Co(OH), +OH~ <> CoOOH +H,0+e" [4.4.3]

The formation of these compounds are dependent on pH value, oxidative environment or
electrode potential of the exposed solution.*®” Thus, to get a more inclusive confirmation of
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the products formed is obligatory to study both the oxidation and the dissolution of the Co

metal in the solution of interest.

The studies on reaction mechanism of Co anodic dissolution in different media are modestly
low as reported in literature. Most of the suggested models are mainly based on
bicarbonate/carbonate solutions(Calder6n, Barcia and Mattos, 2008; Real, Ribotta and Arvia,
2008) which are discussed herewith. Davies et.al.(Davies and Burstein, 1980) and Burstein
et.al.(Burstein and Davies, 1980) investigated the Co behavior in a carbonate/bicarbonate

solution. They suggested the formation of CoO film in the dissolution and also claimed the

presence of { Co(CO,)% } intermediate complex ion.

Co(s) + HCOy ) ——(C0CO; ), +Hyy) +€° [4.4.4]

Co+H,0—+>Co0, +2H, +€ [4.4.5]
y k3 - T

Co0, +HCO;,,, —+>CoCO,,, +OH_, [4.4.6]

CoCO,, + HCO; —>kk“ CO(COs)éan) + H@q) [4.4.7]

Gervasi et.al(Gervasi et al., 1991; Gervasi, Vilche and Alvarez, 1996) suggested a similar
dissolution mechanism as Davies and Burstein(Burstein and Davies, 1980; Davies and

Burstein, 1980), however he proposed that Co3Os4 is formed instead of CoO since CoO film is

sensitive to HCO; ion. Real etal.(Real, Ribotta and Arvia, 2008) suggested a model
comprising of formation of Co(l)( CO(OH)ad) as intermediate species followed by soluble

Co(ll)(mass transfer contributions)( CO(CO3)§7) ions as the final products in an alkaline

carbonate—bicarbonate based solution.(Real, Ribotta and Arvia, 2008)

Co(s)+(H,0), 722 Co(OH), +(H"), +&” [4.4.8]
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Co(OH),, =22Co(OH)" +& [4.4.9]

Co(OH)" +CO;” T=22CoCO, +OH" [4.4.10]

CoCO, + HCO; kk<—>;[Co(CO3)2‘] LH [4.4.11]

A two electro dissolution paths initiating with formation of (CoHCO;),, followed by

formation of CO(CO,)% (mass transfer phenomenon) and CoO film respectively was observed

by Calderon et.al(Calderén, Barcia and Mattos, 2008) in a carbonate/bicarbonate solution.

Formation of CoO film is favored at higher anodic potentials (autocatalytic reactions) whereas

formation of (COHcog)ad is favored at lower anodic potentials.(Calderon, Barcia and Mattos,

2008)
Co(s) + HCO; ——(CoHCO,),, +€ [4.4.12]
(COHCO,),, + HCO; +20H " :<:>2ch(¢03)2— +HO+e [4.4.13]
(COHCO,),, +20H" :—<__)33COO +HCO; +H,0+e" [4.4.14]
Co+Co0——Co0* +Co0 +2e" [4.4.15]

Other than the dissolution studies in carbonate/bicarbonate solution, mechanistic analysis of
Co anodic dissolution in glycine solution at alkaline conditions are reported in literature.(Paul
and Srinivasan, 2020) Paul et.al(Paul and Srinivasan, 2020) proposed a catalytic mechanism
comprising of four adsorbed intermediates {two of each Co(ll) and Co(l11)} in a glycine system
at pH 10. They suggested that the chemical dissolution rate increases with anodic potential
while electrochemical dissolution is maximum at intermediary potential. However, the
chemical dissolution is found to be saturated at larger anodic potential. The corresponding
reactions in the suggested mechanism are as follows
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CO kkA )C02+ _l_Ze— [4416]

ads

Coly =2 Ca +€° [4.4.17]
Co¥ —&>Cod [4.4.18]
CoZ —25Col +e [4.4.19]
CoZ +Co—&—Co’, +Cal +3¢” [4.4.20]

In semiconductor industry, a polishing slurry is being used in chemical mechanical polishing
(CMP) process to remove the excess Co. The slurry mainly consists of oxidizer along with
complexing agent 31718 sych as Glycine(Lu, Zeng, et al., 2012; Kwon et al., 2020; Paul and
Srinivasan, 2020), arginine(Peethala et al., 2012), acetic acid(Zuo et al., no date), EDTA(Kwon
et al., 2020), citric acid(Peethala et al., 2012), oxalic acid(Oxide et al., 2002; Lowalekar, 2006;

Peethala, 2011; Raj et al., 2012) etc.

One such potent component known to form complexes with Co barrier metal is oxalic acid.
1750 The carboxyl group in an oxalic acid forms complexes with the oxidized Co layer and
intensifies the removal rates.(V R K Gorantla et al., 2005; Venkata R K Gorantla et al., 2005;
Ramakrishnan et al., 2007; Janjam et al., 2008, 2009; Miller and Granstrom, 2017) These
complexes have an enhanced solubility in the alkaline region.(Meites, 1950; Barney,

Argersinger and Reynolds, 1951; McAuley and Nancollas, 1960)

Similarly, hydrogen peroxide is commonly preferred oxidizer for the planarization of various
metals such as Cu, Ru, Mo etc.(Amanapu et al., 2013; Jiang, He, Yan Li, et al., 2014b; Hu,
Pan, Xu, et al., 2020b; Zhang, Wang and Lu, 2020; Poddar et al., 2021) Although the kinetics
and mechanistic reaction pathway of Co in carbonate/bicarbonate, glycine etc. are investigated
and reported in literature, the Co anodic dissolution mechanism in H2O> (oxidizer) solution is

yet to be studied. Reaction mechanistic analysis of Co in H20- solution in the presence of
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complexing agent (oxalic acid) is also not reported in any literature to the best of our

knowledge.

Thus, this work presented here focus on comparing the physio-chemical characteristics of Co
metal upon exposure to only H20> solution and to H.O2 + oxalic acid solution. Various
electrochemical experiments such as anodic polarization, electrochemical impedance
spectroscopy (EIS) were performed to understand the anodic dissolution behavior. Both
electrical equivalent circuit (EEC) and reaction mechanism analysis (RMA) were performed
on EIS data to retrieve the kinetics of Co anodic dissolution. Field emission scanning electron
microscopy (FESEM) and contact angle analysis were conducted to characterize the Co
surface and X-ray photoelectron spectroscopy (XPS) measurements were performed to identify

the surface products.

4.4.2 Experimental Conditions
Electrochemical experiments

A standard three-electrode cell connected to Metrohm Autolab potentiostat, (PGSTAT 204),
was used to execute the electrochemical experiments. electrode and platinum wire were the
reference and counter electrode respectively whereas Co (99.95% pure, 9mm diameter) metal
embedded in Teflon rod and connected with a Cu wire was used as the working electrode. All
the potentials mentioned in this manuscript are w.r.t Ag/AgCl (3 M KCI solution). Prior to
each experiment, the working electrode surface was polished using emery sheets and then with
micro polish alumina paste (Buehlar, USA) (initial 1um followed by 0.3um) in order to get a
mirror like electrode surface. (Li and Babu, 2001; Manivannan and Ramanathan, 2009) The
polished electrode is cleaned with Millipore water, sonicated in acetone and dried before using
it to perform the measurements. 0.1 wt. % H2O (Loba Chemie Private Limited, India) and 0.02
M oxalic acid (Himedia, India) were used to prepare the electrolyte solutions. Whereas, sodium

sulphate (Himedia, India) was used as the supporting electrolyte. Potassium hydroxide
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(Himedia, India) was used to regulate the pH values. All the experiments were conducted at
room temperature and at pH 9. Besides, open circuit potential (OCP) experiments were
performed prior to every electrochemical experiment for a duration of 600 sec. All the
experiments were repeated thrice to ensure repeatability. The electrochemical experiments

performed are:

Anodic polarization studies
Anodic polarization measurements were performed in two different environments (0.1 wt.%
H20, and 0.1 wt. % H>0>+ 0.02 M oxalic acid). Here, the working electrode was scanned at a

rate of 1 mV/s from OCP to +600mV w.r.t OCP.

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) were performed by sweeping at a frequency
range of 20000 Hz to 0.1 Hz with 7 frequencies per decade interval. An AC voltage signal of
10 mV (rms) amplitude was employed to perform the EIS measurements to ensure linearity.
The EIS measurements were also conducted at different DC potentials (+0.10, +0.30 and
+0.50) w.r.t OCP. While plotting the lower frequency noisy data was not considered. Kramers
Kronig Transform (KKT) (Nova, Metrohm) was performed on EIS data to ensure the linearity,
stability and causality of the electrochemical system (not shown here). Electrical equivalent
circuit (EEC) modelling was done using commercial purchased software named Zsimpwin
(Version 3.6). Reaction Mechanism Analysis (RMA) was performed to get a detailed
information about the processes a metal undergoes when in contact with a reacting

environment. Code written in MATLAB was used for Reaction Mechanism Analysis (RMA).

Characterization of the products and surface analysis
To get an insight of the products formed when treated with two different solutions, the
following characterization techniques were employed
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Field emission scanning electron microscopy (FESEM) measurements

FESEM analysis of Co was conducted on field emission scanning electron microscope
(FESEM) (Zeiss, Sigma). Before every analysis the Co samples were polished using emery
sheets and cleaned properly to removes the impurities or oxides. The samples are cleaned
thoroughly and dipped in the solutions (H20. and H2O»+ oxalic acid) for 2 hrs. The samples
are then washed again, dried properly and taken for analysis. The surface morphology and
corrosion type of Co on treatment with the mentioned chemicals was analyzed and compared

from the images.

Contact Angle Analyzer

The traditional sessile drop technique was employed to determine contact angle between the
droplet and treated Co sample surface. The liquid droplet comprises of water, methylene iodide
(M), and corrosive solution of two uL. The analysis was evaluated in Goniometer (Holmarc
software). Contact angle analysis sample preparation is similar to that of FESEM analysis. It
is to be mentioned that a minimum of 4 droplets were deposited separately and angle was
measured to ensure repeatability. A contact angle difference of less than 2° was observed on

the both the sides of the droplet ensuring reproducibility.

X-ray photoelectron spectroscopy (XPS)

To determine the different states of Co and identify the Co compounds formed when treated
with H20, and H.O>+ oxalic acid at pH 9, XPS was performed using ESCALAB Xi+
spectrometer (Thermo fisher Scientific Pvt. Ltd., UK) rigged with monochromatic Al Ka X-
ray source radiation of 1486.6 eV. The analysis was conducted at room temperature and a base

pressure of 5 x 1071 mbar.
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4.4.3 Results and Discussion

Anodic polarization studies

OCP measurements revealed that the OCP stabilizes within 600 sec as displayed in Figure
4.4.1a. The OCP values of 0.250 V and 0.045 V were obtained at pH 9 for 0.1 wt.% H>O and
0.1 wt.% H>0.+ oxalic acid systems respectively. The decrease in OCP value clearly shows
that the oxide/hydroxide layer formed on the Co surface in H2O> solution dissolves with the
addition of oxalic acid. Similar behavior is reported for other systems in the literature. The
anodic polarizations graphs are displayed in Figure 4.4.1b. The current density increases with
overpotential for both the systems in the potential range of 0 to +600 mV w.r.t OCP. There is
no sign of passivation/constant current density regime/decrease in current density with increase
in potential for both the systems within the measured potential range. However, as shown in
Figure 4.4.1b, the anodic current density is higher for H2O.+ oxalic acid solution compared to
that of H2O; solution at any given overpotential. Also, the rate at which current density
increases with overpotential is higher for H20.+ oxalic acid solution when compared to
solution containing only H202. Thus, it is clearly evident that the Co anodic dissolution rate is
higher in H202 +oxalic acid solution than in H202 solution. This explains the reason behind
increase in removal rate of metal on addition of complexing agent (oxalic acid) in a CMP

process.(Prasanna Venkatesh and Ramanathan, 2010; Kwon et al., 2020)
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Figure 4.4. 1(i) OCP and (ii) Anodic polarization in (a) 1 wt.% H>0; and (b) 1 wt.%
H.02 + 0.02M oxalic acid system (pH 9). Here marks A, B and C represent 0.10 V, 0.30

Vand 0.50 V w.r.t OCP respectively for both the systems.
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Table 4.4. 1 Current densities at different potentials w.r.t. OCP potentiodynamic

polarization plots

Solution system at pH 9 Potential (V) Anodic current density
(Alcm?)
0.1 1.79E-04
(a) 0.1wt.% H202 0.3 7.04E-04
0.5 1.31E-03
0.1 1.01E-03
(b) 0.1wt.% H202+ 0.02M 0.3 7.94E-03
Oxalic acid 0.5 2.65E-02

Characterization studies

FESEM analysis

To study the surface morphology of Co metal specimen treated in 1 wt. % H>O2 and 1 wt. %
H20,+0.02 M oxalic acid solution at pH 9, FESEM analysis was conducted. The FESEM
images (at 2 different magnifications) are displayed in Figure 4.4.2i — 4.4.2iv. The surface of
Co treated in H2O2+oxalic acid solution as observed comprises of mainly small yet uniformly
spread tubes/grains/flakes. The Co film comprising of tubes/grains/flakes with interconnected
messy structure (as observed at higher magnification) are likely the Co-oxalate
complexes.(Salavati-Niasari, Mir and Davar, 2009; Abu-Zied et al., 2015) Similarly, for Co
treated in H2O> solution, widely spaced coarse tubes were observed. At higher magnification,
unlike Co treated in HO>+oxalic acid, the tubes are without any messy or flake like structures.
This is to an extent can be identified as Co(l1l) oxides (mainly Co304, COOOH) as reported in

the literature.(Chen et al., 2017; Niveditha et al., 2018) It is to be noted that pitting corrosion
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IS not observed on any of the treated surfaces. The corrosion occurring is identified as general

corrosion.

WD = 3.4 mm Mag= 2000KX Signal A=InLens

3 pm EHT= 500kV  WD= 34mm  Mag= 40.00KX SignalA=InLens W

Figure 4.4. 2 FESEM images of Co treated in (i, iii) 0.1wt.% H20; (ii, iv) 0.1wt.% H.0;
+ 0.02 M oxalic acid at pH 9. (i, ii) are images taken at 20.00 KX magnification and (iii,

iv) are taken at 40.00 KX magnification

Contact angle analysis

The formation of Co oxides and Co-oxalate complexes on treating the metal specimen in the
two mentioned solutions was characterized by contact angle measurements. Figure 4.4.3a and
4.4.3b illustrate the contact angle images of Co treated in (a) H202 and (b) H20.+oxalic acid

solution at pH 9. From the data obtained, it was seen that addition of oxalic acid to H20>
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solution decreased the contact angle between the droplet and Co to 23°from 61°. The decrease
in contact angle on addition of oxalic acid indicates the formation of complexes with Co
oxides/hydroxides. The complexes get dissolved in the solution to a greater extent. As a
consequence, increase in hydrophilicity between the Co metal and the droplet is observed.(Sun
et al., 2021) This justifies the SEM results obtained in Figure 4.4.3a and 4.4.3b and eventually
explains the increase in removal rate on addition of complexing agents to an oxidizer based
CMP solution.(Venkata R K Gorantla et al., 2005; R Popuri, Sagi, Alety, Peethala, Amanapu

and Patlolla, 2017)

(@) (b)

Figure 4.4. 3 Contact angle image of Co treated in (a) 0.1wt.% H>0> (b) 0.1wt.% H20, +

0.02 M oxalic acid at pH 9

X-ray photoelectron spectroscopy (XPS) analysis

In order to investigate the elemental compositions and confirm the products formed on the Co
surface on treatment with the solutions (H20,, H.O>—oxalic acid at pH 9), XPS spectrum
analysis method was opted. The XPS spectra are illustrated in Figure 4.4.4 a(i, iii) and 4.4.4

b(ii,iv,v). The peaks were fitted using Gaussian model.

The deconvoluted spectrum of Co treated in H2O2 solution Figure 4.4.4 a(i) contains 2 major
peaks at 779.8 eV and 796.1 eV corresponding to Co2p1». These observed peaks are attributed
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to the presence of CozO4 12 whereas the deconvoluted peak at 781.7 eV corresponds to Co2ps/.
of CoOOH? respectively. For H.0,—oxalic acid solution, the deconvoluted peaks Figure 4.4.4
b(ii) with binding energies 780.4 eV, 782 eV, 785.2 eV, 796.5 eV, and 802.48 eV were
observed. Peaks observed at binding energy of 780.4 eV and 796.5 eV are coincident with
Co2ps of CoOOOH? and Co2pis, of Co304? respectively. Whereas peak at 782 eV binding
energy is identical with Co2ps band of oxalate*, confirming the presence of Co-oxalates
complexes. The satellite peaks appearing at 785.1 eV (for H,O> treated Co) and at 785.2 eV
(for H202-oxalic acid treated Co) depict the presence of Co304.° The peaks obtained at a
binding energy value of 802.3 eV (for H.O; treated Co) and 802.48 eV (for H.O>—oxalic acid
treated Co) could be of Co3O4 or Co(OH)2.2® A slight shift in the binding energies and
broadening of the peaks of CoOOH, Co304 and Co(OH). are observed for Co treated in HoO>—
oxalic acid. This indicates the possibility of presence of combination of Co-oxalate complexes
along with the CoOOH /Co0304 or the presence of individual complexes or oxides when treated
in H2O>—oxalic acid solution. A similar case of overlaps of peaks due to lower differences in

binding energies is reported in literature.’

The O1s spectrum for Co Figure 4.4.4 a(iii) treated in H2O2 shows 2 peaks at 530.2 eV and
532.8 eV. Spin orbit peak at 530.2 eV corresponds to lattice oxygen of Co304 whereas 532.8
eV corresponds to that of CoOOH. O1s peak of C0304 at 530.2 eV and O 1s peak of CoOOH
at 532.8 eV is also reported by Feng et.al.® and Ismail et.al® respectively. For Co treated in
H>0,—oxalic acid, 2 deconvoluted peaks at 531.1 eV and 532.6 eV are observed as shown in
Figure 4.4.4 b(iv). An exact spin orbit peak at 532.6 eV attributes to the presence of Co-oxalate
complexes. Sergey et.al.® reported the presence of O1 of oxalate ions C204>" (or -O-C-O—
groups) at 532.6 eV whereas Feng et.al.® reported presence of Ol1s of CoOOH at 531.4 eV.

Due to overlaps of peaks, 531.1 eV could depict Co304/CoOOH or both.
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The C1s spectrum for Co treated in H.O,—oxalic acid is displayed in Figure 4.4.4 b(v). Spin
orbit peak at 284.7 eV could be due to unpremeditated contamination of adventitious carbon.
A similar case of contamination is reported in literature.®° C1s deconvoluted peak at 288 eV

attributes to O—C=0 from COOH group of the oxalates.*!

A reduction in peak intensities is observed for all the compounds formed from Co treated in
H>O,—oxalic acid system. This reduced intensity signifies higher dissolution of the products
when oxalic acid was added to H,O2 system.'? From the XPS analysis done, it can be concluded
that on treatment with H2O2, Co3O4(prime product)/ CoOOH/ Co(OH): (likely) compounds are
formed where H2O>—oxalic acid results in formation of Co-oxalate complexes along with

these oxides.

The XPS survey spectra of Cobalt held in - (a) 1 wt.% H20; and (b) 1 wt.% H20,—0.02 M
oxalic acid system in active dissolution region is displayed in Figure 4.4.4 a(vi) and Figure

4.4.4 b(vii).
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Figure 4.4. 4 XPS spectra of Co treated in (a) 0.1wt.% H>0> (b) 0.1wt.% H>02+ 0.02 M
oxalic acid at pH 9 in active dissolution region: (i, ii) represents Co 2p (iii, Iv) represents
O1ls and (v) represents C 1s deconvoluted peaks; XPS survey spectra of Cobalt held in -
(vi) 1 wt.% H202 and (vii) 1 wt.% H20,—0.02 M oxalic acid system in active dissolution

region.

Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy is a precise technique used to investigate the
electrochemical (dissolution) occurrence in a particular system. To compare and explicate the
mechanism of Co anodic dissolution in 1wt. % H202 and 1 wt. % H20. + 0.02M oxalic acid
system at pH 9, the experiments were performed at 3 different over potentials +0.10 V, +0.30
V and +0.50 V w.r.t. OCP as marked A, B and C in Figure 4.4.2. From the EIS plots illustrated
in Figure 4.4.5, it can be seen that two loops i.e. a capacitance loop at higher frequency and an
inductance loop at lower frequency were observed for both the systems at all the overpotentials
being investigated. The capacitance loop is associated with the charge transfer resistance and
electrical double layer. Whereas, the faradic and non-faradic reactions processes occurring
between the interface of the metal and the bulk solution give rise to inductance loop at lower
frequency. The curtailment in the total impedance w.r.t to the increase in DC potentials for
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both the systems depicts that the passivation layer is not formed on the Co surface. Besides,
the total impedance is lower in the presence of oxalic acid at any given overpotential which
indicates the higher dissolution of metal with the addition of oxalic acid. Further, the

impedance data is analyzed using various approaches as described herewith.

e 0.1V (a)
Sohee | 00 | e 0.3V (a)
..... 0.5V (a)
i —0.1V (b)
S ) 0.3V (b)
—— 0.5V (b)

[l
=4

-Zlm(Qcmz)

100

-ZIm(Qcmz)

0 100 200
ZRe2 cm2)

Figure 4.4. 5. EIS data of Co treated in (a) 0.1wt.% H>O2 and (b) 0.1wt.% H>O>+ 0.02 M

oxalic acid at pH 9

Electrical Equivalent Circuit Analysis

The validation of linearity and stability of the EIS data obtained were done with Kramers
Kroing transform (KKT) using Nova software. It was observed that the KKT maps fits well
with the experimental impedance data (results not displayed here). The impedance data
obtained were than analyzed using electrical equivalent circuit model fitting(EEC).(Maddala

et al., 2010; Baranwal and Rajaraman, 2019a; Paul and Srinivasan, 2020; Talukdar and
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Rajaraman, 2020) . The equivalent circuit proposed for the systems is illustrated in Figure
4.4.6(a) The EEC simulated and experimental EIS curve is displayed in Figure 4.4.6(b) and
Figure 4.4.6(c) whereas the best fitted EEC parameters with percentage error of less than 5%
between experimental and simulated data are displayed in Table 4.4.2. The parameters in the
EEC model includes Rso (solution resistance), R (resistance associated with charge transfer
reactions occurring at the metal-solution interface), CPE (constant phase element associated
with electrical double layer) and Maxwell pair L and R> (inductance and resistance associated
with relaxation of intermediate adsorbates). The CPE is defined by two parameters Yo1 and n
as Shown in equation 4.4.21 and the “n” value lies between O (for pure resistor) and 1 (ideal
capacitor). If the impedance spectrum shows depressed semicircle, the data could be modeled

better by CPE instead of ideal capacitor.

CPE=— > _

Yo (j@)" [4.4.21]

Braggs equation expressed in equation 4.4.22 is employed to calculate the electrical double

layer capacitance from the CPE element.

. [4.4.22]

1 1.4
Cdl:[YO(R_JFR_t) 1}

S C
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Figure 4.4. 6 (a) Proposed equivalent electrical circuit employed to simulate EIS data at
different overpotentials w.r.t. OCP for both the systems. (b) Experimental and simulated EEC
impedance plots in 1wt. % H20> (c) Experimental and simulated EEC impedance plots in 1wt.

% H>0> + 0.02M oxalic acid system (pH 9) at different DC potential applied over OCP.
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Table 4.4. 2 EEC kinetic parameters obtained for Co dissolution in (a) 0.1wt.% H>O> (b)

0.1wt.% H.0> + 0.02 M oxalic acid at pH 9 at different overpotentials (0.1 V, 0.30 V, 0.50 V).

Parameters

Rsol

Yol

R1

R2

01V

19.2

1.1

0.65

234.3

157.6

796.2

179.6

0.1 wt.% H202

0.3V

18.5

148

0.77

42.6

15.7

176.3

34.3

05V

18.3

4.0E-

0.78

10.3

2.9

23.2

7.1

0.1 wt.% H20:2 + oxalic

0.1V

19.1

1.2

0.81

99.8

116.3

502.5

83.3

acid

0.3V

17.8

1.7 E-

0.80

33.6

2.3

124.60

26.5

0.5

18.9

1.9

0.79

6.0

0.01

1.9

1.5

units

Q cm?
Hcm
Q cm

Q cm?

From Table 4.4.2, it is evident that Ry values decreasing with overpotential for both the

systems. Thus, both the systems are in the active dissolution regime within the potential range

investigated as observed in polarization measurements. Also, R1 values for Co treated in H20-

solution are higher compared to that of Co treated in H2O»+oxalic acid for all the three

overpotentials being studied. This validates the higher dissolution rate with the addition of

oxalic acid in to H.O> solution. The “n” values are less than one at all conditions indicating an

irregular surface post chemical treatment with these solutions. The active dissolution of Co via

the formation of intermediate adsorbates and Co-oxalate complexes in H20. and H.O> + oxalic

acid solutions at pH 9 justifies the irregularity observed. The values of Maxwell pair L and R>

decreases with overpotential for both the systems. Polarization resistance (Rp), which can be

TH-3022_166107118
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estimated from the Maxwell circuit by calculating the faradaic impedance value at zero
frequency limit, is also given in Table 4.4.2. Higher Ry values of the H.O> system signifies
more adsorbed species present on the Co surface. Besides, positive Ry values for both the
systems confirm the absence of passive layer on the metal surface. Again, these trends confirm
the enhancement of dissolution in the presence of oxalic acid. Although EEC model fitting
gives an insight idea about the dissolution process; detailed anodic dissolution along with total
surface coverage of the adsorbed species cannot be explained using it. Hence, in order to get

better understanding on reaction pathway, RMA was performed as discussed below.

Reaction Mechanism Analysis

Reaction mechanism analysis (RMA) method was carried out to get a clear picture of the
reaction pathway (Keddam, Mottos and Takenouti, 1981; Maddala et al., 2010; Lee et al.,
2016). Recently, Paul et.al(Paul and Srinivasan, 2020) studied the dissolution of Co in an
alkaline glycine solution. They proposed a mechanism with catalytic step comprising of 4
adsorbed species i.e. 2 Co(ll) and two Co (I11) intermediates. However, in this work, the focus
is on to investigate the impact of addition of complexing agent in the presence of strong
oxidizer H.O2. Moreover, the impedance patterns observed in this work are different from their

system.

Thus, the following mechanism {Refer equation (4.4.23 and 4.4.24)} is suggested to explain

the impedance patterns observed for both H202 and H20: + oxalic acid solutions.

Kk + ko 2+ ks 3+ k 3+
Cog¢ K = Coad < G = Coad < o = Coad — COsoI [4.4.23]
34+ [4.4.24]

Co% —<—Co

sol

In this multistep mechanism, three adsorbed intermediate species Co_,, Co2} and Co2; with

oxidation states +1, +2 and +3 respectively were considered for Co dissolution in these two
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solutions. Based on Pourbaix diagram,(Pourbaix, 1974) Co3* is considered as the dissolution
species instead of Co*and Co?* at pH 9 and the applied potential. Paul et. al(Paul and
Srinivasan, 2020) also proposed the mechanism with Co3* as the dissolution species in

alkaline condition.

Here, Co3}, represents the dissolved metal ions. Co2} and Co2} corresponds to hydroxides,
oxides and oxalates of Co (1) and Co (I11) respectively. Here, Kinetic rate constant, ks depicts
the dissolution through chemical reaction whereas ks represents dissolution rate through
electrochemical reaction. Unlike that of chemical reactions (ks step), it is assumed that the
kinetic rate constant/parameters (k;, i = +1,—1,+2,—2,+3,—3,+5) of electrochemical
reactions are related to voltage in an exponential manner.(Maddala et al., 2010; Baranwal and
Prasanna Venkatesh, 2017) The relation of the rate constants (electrochemical reactions) with

voltage is given by the following equation:

k; =k e [4.4.25]
where,

b =+ [4.4.26]

T RT

Here, for oxidation reaction (forward), b; value is positive while for reduction reaction
(reverse), it is is negative. k;, (pre-exponential factor) and b; are independent of applied DC
potential. o stands for transfer coefficient (0< o <I), n for the number of electrons transferred
in the rate determining step, F for faraday constant and, R and T for molar gas constant and

temperature respectively.

While developing the equations using the proposed mechanism, the exponents of forward (i=
+1 to +5) and backward reactions (i= -1 to -3) are taken as positive and negative

respectively.(Maddala et al., 2010) Only linear terms are taken into consideration as small
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amplitude ac voltage signal is applied to enforce linear perturbations.(Gregori et al., 2006;
Maddala et al., 2010; Baranwal and Prasanna Venkatesh, 2017; Baranwal and Rajaraman,

2019D)

Unsteady state mass balance of adsorbed species Coy},;, Co2} and Co2} for the proposed

mechanism are given by the following expressions:

4.4.27
r%:kl(l—el—ﬁz—493)—k26?l—k_l¢91+k_2¢92 [ ]

4.4.2
r% =k,0, —k;0, - k.6, -k ,0, +k ,6, [ 8]

T%%:&@—n@—u@ [4.4.29]

The current density (J) for the unsteady state is given by

J=nF [k (1-6,—6,—0,)—k,6, +k,0, —k_,0, + k0, =k ,0, + K0, | [4.4.30]

Here, “t” denotes the entire active sites existing per unit area and “t” refers to time. 8,, 6, and
65 represents the fractional steady state surface coverage values of the intermediate adsorbed
species of Co,, Co2¥ and Co2} respectively whereas, (1 — 6; — 8,—63) denotes the empty
sites. The surface coverage is assumed to be 1. As reported in literature, all the adsorption
models lead to a fixed a time constant and in the proposed mechanism, Langmuir adsorption

isotherm model was adopted.(Keddam, Mottos and Takenouti, 1981)

The steady state (denoted by subscript “ss”), mass balance of the adsorbed species, Co},, CoZ}

and Co2? for the proposed mechanism are given by the following expressions:

kl(l_ 9155 - 0255 - 9355) + k—292 = kzg

1ss

+k_,6, [4.4.31]

SS

k0,

o K30 = (Ky + Ky +K )0, [4.4.32]

SS
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k,0

2ss

— (K, +k ;)0 [4.4.33]

3ss

Simplifying in terms of 6, , 6,5 and 65, (surface coverage steady state), equations (4.4.31-

4.4.33) can be written as

Ky (KoK, + KoK + KK, + Kok 5 +K K 5) [4.4.34]
1ss — D
g Kk (ki +k) [4.4.35]
2ss D
k koK, [4.4.36]
0335 :T

Here,
=k, (K + Ky ) (ks +ks +K o, )+, (kg +K, )+ KoK 5 (K, +Kg )+ KoK, (ks +kg )+ (ky + K, ) (kek g +K k)
The current density (J) at steady state conditions is given by

+ k6.

J =nF [3(k,0. )] [4.4.37]

3ss

To determine the faradic impedance, the current density is differentiated by voltage which is

presented in the following equation

dg do, do.) dk dg, , dk,
l 1-6 -0 k|- —r_~—22_~3|_"-g 29
d_.] _ (Z )—1 (e dV ( 1ss Zss 353) 1[ dV dV dV j dV 1ss ~ ™1 v, dV dV 1ss
v do,_d<,, _, 49, dk, o, 86 do, _dk, o, dks , o« d6,
Qv dv gy v e ey Ty e T gy Ty s T gy

Rearranging it, the faradic impedance in terms of charge transfer resistance can be written as

de,

+—V3(kl+k3)}

dé [4.4.38]

4 déo
(ZF,m/s) 1=Rt t—nF {d_\/l(k1+k1_k2)+_vz(kl+k2 _ks_ks)
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Here,

Rtil =nF |:klbl (1_ 0155 o ‘9253 o 0355 ) o k—lb—lglss + k2b20155 o k—zb—zezss + k3b39235 o k—sb—aesss + k5b59255:|
[4.4.39]
Applying Taylor’s approximation, a6 , do, and dé, are determined by expanding the mass

dv  dv dv
balance equation (unsteady state). It is to be mentioned that in order to maintain linearity the

terms of higher order are neglected.

d6, _AK(FJ,-GK)+BIFJ, ~BIGK +BJ, (KH - Fl) [4.4.40]
av D,K (KH —F,1)+KE (AK +BI)
a0, KE (3\‘9;)— FJ, +GK [4.4.41]
dv KH - F|
" _IKE((;\g/lj—lFlJlHGK—Jl(KH ~Fl) [4.4.42]
av K(KH-FI)

Here,
n=1 [4.4.43]
A=k -k, [4.4.44]
B =k, [4.4.45]
C =k, — (kb +kyo, +k b )b, — (kb —K b, )G, —kbiO [4.4.46]
D, =k, +k, +k , + jor [4.4.47]
E =k, [4.4.48]
F =k, [4.4.49]
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G =k,0,0,, — (Kyb; + ke +K .0, ) Oy +K b 104, [4.4.50]

H =k, +k, +k,+ jor [4.4.51]

| =k, [4.4.52]

J; = (Kb, +k 3by) Oy —Ksbs6,, [4.4.53]

K=k, +k,+ jor [4.4.54]
Thus, the total impedance ( Z, ) of the system is specified by

1 [4.4.55]

Z . =R+

total sol

(ZF,m/s )_1 +(jw)n1Y0

Here, Rso Stands for solution resistance; Yo and nj corresponds to parameter and exponent of

constant phase element (CPE) respectively.
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Table 4.4. 3 Best fit RMA parameters obtained from simulation of the proposed Co

dissolution in (a) 0.1wt.% H20- (b) 0.1wt.% H.0, + 0.02 M oxalic acid at pH 9.

0.1 wt.% H202 +

Parameters 0.1 wt.% H202 units
oxalic acid
F 96500 96500 C
Rsol 19 19 Q cm?
k1o 1.0E-10 5.0E-09 mol st cm™
b1 32 6.7 \Vau
K-10 1.0E-02 5.0E-10 mol st cm™
b-1 -17.7 -9.9 \Vau
k2o 9.9E-03 1.0E-02 mol st cm™?
b2 1.1 2.8 \Vau
K-20 1.0E-12 1.0E-12 mol st cm™
b-2 0 -14 \Vae
k3o 9.0E-10 1.0E-09 mol st cm™?
bs 8.5 4.2 \
K-30 2.0E-06 1.0E-12 mol st cm™
b-3 -6.4 -7.9 \Vae
ko 3.0E-09 1.0E-08 mol st cm™
b4 0 0 \Vau
Kso 2.0E-10 1.0E-08 mol s cm™
bs 8.9 7.1 V1
T 1.8E-03 1.0E-02 mol cm™?
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The RMA parameters are illustrated in Table 4.4.3 are obtained by sequential quadratic
programming (SQP). The optimization was performed is MATLAB platform with the objective

of getting a minimum residue which is given in the following equation

i 2 2 [4.4.56]
ReSIdue :Z (ZReexperimental B ZRebesn‘it ) + (Z Imexperimental B Z Imbestfit )

The detailed derivation process of obtaining impedance equations for given mechanism are

presented in literature. (Keddam, Mottos and Takenouti, 1981; Bojinov, 1996)

300 —
eeeee 0.1 V exp
e .-+ 0.3V exp
530- o (132[“) (1.3 1) Samieee: 0-5 V exp
200} F | ez —0.1V sim
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= S —— 0.5V sim
)
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1
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Figure 4.4. 7 Experimental and best fit simulated RMA impedance plots in (a) 1wt. %
H20: (b) 1wt. % H>O> + 0.02M oxalic acid system (pH 9) at different DC potential

applied over OCP.

The simulated impedance data from the equation (4.4.55) are displayed in Figure 4.4.7a and
4.4.7b along with experimental data. It is seen that the modelled data fits quite well with the
experimental data. Especially, the impedance patterns and the qualitative trends observed in
both impedance and polarization experiments (i.e. the rate at which current density increases
in polarization measurements for both the systems, the decrease in impedance w.r.t
overpotential for both the systems and the lower impedance with the addition of complexing

agent at any given overpotential) are well captured by the suggested mechanism. The optimized
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RMA parameter at which minimum residue obtained are displayed in Table 4.4.3. The CPE

parameter values obtained in EEC modelling are utilized in RMA simulation.
The fractional surface coverage of the various intermediate adsorbates is estimated from the
RMA parameters. As expected, the surface coverage of CO‘;d is negligible due to the higher k.

values compared to ki values for both the system. CO;, are generally unstable in nature and

hence thermodynamically not favored. This attributes to the reason behind unavailability of

Co™ products during XPS analysis.
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Figure 4.4. 8 Surface coverage of Co adsorbed species (a) 1wt. % H202 and (b) 1wt.%

H20. + 0.02M oxalic acid system (pH 9) for the proposed mechanism.
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The variation of Cojg and COS’; w.r.t. overpotential is shown in Figure 4.4.8. It is evident

from this figure that the surface coverage of Co in H20. solution is significantly higher
compared to that one observed in H2O»+oxalic acid solution at all overpotentials. Especially in
H>0> solution, the surface coverage approaches to one with the increase in overpotential. Being
a strong oxidizer, H,0; oxidizes the Co metal to Co?* and Co3*. However, the dissolution rate
of these species is lower in the absence of complexing agent and hence it starts occupying the
metal surface. But, in the presence of a complexing agent and oxidizer, simultaneous
occurrence of oxidation and complexation processes (The oxalate ion (C,O7~) reacts with the
Co? and Co? species to form highly soluble Co-oxalate complexes) leads to lower surface
coverage (0.35 and 0.42 at overpotentials of 0.1 V and 0.5 V respectively) and eventually
higher dissolution rate. Besides, at all over potential, the 6, is higher than 65, for both the

systems. However, at higher overpotential, the tendency of Co?* to get converted into Co3*

gets higher as evident from Figure 4.4.8.
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Figure 4.4. 9 Dissolution rate via (i) chemical steps and (ii) electrochemical steps in (a)

1wt. % H202 and (b) 1wt.% H202 + 0.02M oxalic acid system (pH 9).
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On the addition of oxalic acid to the system, an enhanced dissolution via both ks and ks is
observed. However, the effect is more prominent via ks pathway. This is likely due to the
presence of higher Co?* on the surface for both the systems at any given overpotentials. Unlike
in ks dissolution step, the difference in dissolution rate via ks step between the two solutions of
interest significantly changes with overpotential as clearly observed from Figure 4.4.9b. Hence,
the observed change in current densities w.r.t DC potential in the polarization curve (Figure

4.4.10) is prominently due to the effect of dissolution via the electrochemical step (k5).

3.00x1072

1.50x1072

i (A/em?)

0.00 -

0.1 0.3 0.5
E(V) vs. Ag/AgCl (3 M KCI)
Figure 4.4. 10 Anodic current density simulated vs experimental (a) 1wt. % H20 (b) 1wt.
% H.0, + 0.02M oxalic acid system (pH 9) at different DC potential applied over OCP.

Schematics of the metal surface covered with different species at different overpotential are

also displayed herewith.

176
TH-3022_166107118



The current density values obtained from the suggested model are comparable with the anodic
polarization curve and the same is displayed in Figure 4.4.10. This confirms that the suggested
mechanism satisfactorily fits well (polarization, eis data) for both the systems. This suggested
mechanism properly illustrates the kinetics of Co dissolution on the addition of oxalic acid as

complexing agent to H>O2 system. The mechanism is schematically explained in Figure 4.4.11.

|
Coi) = CoOOH/Co304 @ = Co-oxalate complex/
CoOOH/Co30,
N co? G0 ) ) C,0> ) (7]
Cog 'C?;;’ ' OH on s ) ’
OH" col C,04* Coly 4 @
2 ‘ . OH
W-. Cold lw @ W.. Cod) ﬂw @
o OF 0>  OH
Co OH'@ Co
H20; soln. @ H,0, + Oxalic acid soln. /
(@) (b)

Figure 4.4. 11 Schematics of Co treated in 0.1wt.% H>O2 and 0.1wt.% H20, + 0.02 M

oxalic acid at pH 9

4.4.4 Conclusion

The anodic dissolution of Cobalt in alkaline solutions containing H2O. as oxidizer with and
without oxalic acid as complexing agent is investigated in this study. The anodic polarization
curves reveal that slope of DC current vs DC potential is significantly higher for H>O»+oxalic
acid compared to that of H>O, system. This signifies that oxalic acid enhances the dissolution
of Co by forming complexes. XPS results confirms the presence of Co-oxalate complexes
along with oxides (Co304/CoOOH) on treating Co in H,O2+oxalic acid. Both the systems
exhibit same EIS patterns of comprising of 2 loops: capacitance loop arising from higher

frequency and inductance loop arising from lower frequency. A multi-step mechanism
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comprising of 3 adsorbed species with 2 dissolution paths is suggested for both the systems. It
is observed that dissolution is mainly favored by the electrochemical step with Co?* covering
the more surface area. An enhanced dissolution is observed at higher over potentials due to the
increase in oxidation of Co?* to Co3* .The proposed mechanism satisfactorily explains the

anodic polarization and impedance data.
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CHAPTER 5

5. SUMMARY, CONCLUSION AND FUTURE SCOPE

5.1  Summary of the study done

With the reduction of microelectronic devices to lower nodes, fabricating the precise structures
has become an unavoidable task. To overcome such challenges and attain a planar surface for

further level metallization, Chemical Mechanical Planarization was opted.

In order to complete a circuit, the active and passive elements are connected with interconnect
Cu. However, a major challenge Cu faces is that it has poor adhesion to the dielectric materials,
i.e. it is highly mobile and liable to diffuse into dielectric material. This deteriorates the device
performance. Thus, to resolve these issues, a barrier is introduced between the Cu and the
dielectric. Ta/TaN is one such metal that has been used as a barrier material to prevent the
diffusion of Cu into the dielectric material.

However, with the shrinkage of the technology node to 10 nm and below, maintaining the
diffusion barrier property and the desired thickness at the same time has become a major
challenge. Therefore, various other barrier metals were studied in order to substitute this
existing one. Recently as per study, Co(Nishizawa, Nojo and Isobe, 2010b; Peethala et al.,
2012) and Ru(Peethala, Roy and Babu, 2011a; Yadav, Jitendra C. Bisen, et al., 2017) are
considered as two of the most potency metals to act as barrier metal because of its many
properties such as lower resistivity, good stability, better adhesion properties with Cu. After
the deposition of interconnect Cu and barrier metal, the structures demand for a planar
topography for the following level metallization, for which CMP is opted. CMP being a 2-step
process, the initial step involved is removal of bulk Cu whereas the second step involved is

removal of the surplus Cu along with barrier metal without excessive thinning. This calls for

179
TH-3022_166107118



the requirement of a CMP slurry that would give a Cu/barrier metal removal rate selectivity of
~1:1.

Although many types of slurry have been proposed for Cu CMP most of them were tilted
towards higher selectivity between Cu and Ta. Slurry formulation for Co/Cu and Co/Cu is
almost negligible. In addition to that, the very limited slurry developed till date for polishing
Cu and Ru, Cu and Co possess various issues such as galvanic corrosion, selectivity etc.
Hence, in this context, a solution for Ru/Cu CMP (can also be employed for bulk removal of
advanced Ru interconnects) was proposed by introducing potassium iodate (KI1O3) as the
oxidizer along with silica abrasives and 1,2,3 Benzotriazole (BTA) as corrosion inhibitor for
practicable wet operations such as etching and CMP and reduced oxidation. The amount of
abrasives silica employed in the proposed slurry is relatively low (concentration reduced by 60
%), thereby reducing the possibility of any post-CMP issues.

The few slurry formulations proposed for Co / Cu system in literature, were oriented either
towards selectivity or towards reducing galvanic corrosion. Studies referring to obtain desired
selectivity of ~1:1 for Co/Cu along with reduced galvanic corrosion and high polish rate: static
etch ratio are limited in the literature. Hence, silica-based polishing slurries to attain Co/Cu RR
selectivity ratio of 1:1 (with good removal rates and lower etch rates) and reduced corrosion
potential gap of a Co-Cu galvanic couple were formulated and reported in the study.

It is to be noted that the Kkinetics and mechanistic reaction pathway of Co in
carbonate/bicarbonate, glycine etc. are investigated and reported in literature, however, the Co
anodic dissolution mechanism in H>O> (oxidizer) solution (solution of interest) is yet to be
studied. Reaction mechanistic analysis of Co in H202 solution in the presence of a complexing
agent (oxalic acid) is also not reported in any literature to the best of our knowledge. Therefore,
the work presented here focuses on comparing the physio-chemical characteristics of Co metal

upon exposure to only H2O2 solution and to H»O.,—oxalic acid solution. Various
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electrochemical experiments such as anodic polarization, electrochemical impedance
spectroscopy (EIS) were performed to understand the anodic dissolution behavior. Also, both
electrical equivalent circuit (EEC) and reaction mechanism analysis (RMA) were performed

on EIS data to retrieve the kinetics of Co anodic dissolution.

The first objective of the study is to formulate a slurry that would give a desired Ru-Cu removal
rate selectivity of 1:1 with good removal rate. Hence, the effects of different components: KIO3
as oxidizer, silica as abrasives and BTA as inhibitor on removal rate of Ru-Cu were investigated
which are illustrated in Figure 4.1.2(a), Figure 4.1.4 and Figure 4.1.5. The dissolution nature
of the Ru and Cu in the proposed oxidizer, KIOz were also studied (Figure 4.1.3) and were
found to be endothermic in nature. Also, it was seen that the dissolution followed an associative
mechanism thereby forming activated complexes in the presence of KIOs. This explains the
reason behind lower etch rates observed in the presence of oxidizer KIOz as seen in Figure
4.1.2(b). The TGA analysis (Figure 4.1.6 and Figure 4.1.10a) were done to study the interaction
of different additives and correlate its effect on the removal rates obtained. Polarization studies
were performed to understand the inhibiting property of BTA (Figure 4.1.8). A reaction
pathway was schematically presented to explain the inhibition property of BTA in the form of
adsorbed BTA complex of the metal surface (Figure 4.1.7). The effect of process parameters
on RR was examined and it was seen that the proposed slurry follows a non-Prestonian
behavior (Figure 4.1.11). The different abrasives (Figure 4.1.10b) and inhibitors (Figure 4.1.9)
were studied, however slurry comprising of fumed silica (2 wt. %), KIO3 (0.2 M) and BTA (5
mM) gave a desired Cu-Ru selectivity of ~1:1.03, making it apt for effective polishing of

barrier metal and interconnect.

As second part of the objective, slurry that would give a desired removal selectivity for Co-Cu
was formulated. The effect of NaOCI as oxidizer and BTA as inhibitor on Co and Cu
dissolution and RR were investigated, the results were displayed in Figure 4.2.1, Figure 4.2.2,
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Figure 4.2.4 and Figure 4.2.5. The higher RR observed at acidic region attributed to direct
dissolution of the metal whereas lower RR obtained at the alkaline region is due to the
formation of passive layer on the metal surface. The formation of passive layer for Co in the
form of Co (OH). was confirmed by XRD analysis (Figure 4.2.9). It was seen that the addition
of fumed silica enhanced the RRs of the metals (Figure 4.2.3). A desired Co-Cu RR selectivity
of ~1:1.006 was achieved on using 2 wt. % silica, 0.5 wt.% NaOCI and 5mM BTA slurry at
pH 9 (Figure 4.2.4). The tailored slurry gave a RR of ~ 99.1 nm min—1 for Cu and ~ 99.7 nm
min—1 for Co respectively. In addition to that, using the tailored slurry, no significant impact
of process parameters on selectivity was observed (Figure 4.2.6 and Figure 4.2.7). Based on

the findings, the chemical reactions occurring on the Co metal surface were postulated.

Cu being more noble in nature as compared to Co, in a Cu-Co couple, Cu acts as anode whereas
Co acts as cathode. The high potential difference obtained in DI water at pH 9 confirms the
occurrence of galvanic corrosion (Figure 4.3.2). Galvanic corrosion being a major concern in
the semiconductor industry, in the third objective of the study a slurry is formulated that would
reduce the galvanic corrosion and give a desired Co-Cu RR selectivity. Addition of 0.1 wt.%
H>0> as oxidizer to DI water significantly reduced the potential gap from ~279 mV to ~49 mV
(Figure 4.3.4). However, using only H20> also with silica abrasives gave lower RRs with a RR
selectivity of ~0.38 (Figure 4.3.7b). Hence, to enhance the removal rates, complexing agent
oxalic acid was added to the solution. The carboxyl group of oxalic acid forms easily soluble
complexes with the oxides on the metal surface thereby increasing the RRs of the metal
coupons (Figure 4.3.7b). Addition of 0.02 M of oxalic acid to 0.1 wt.% H>O, gave RRs
selectivity (Figure 4.3.7b) and potential gap (Figure 4.3.9b) of ~1.95 and 60 mV respectively.
To reduce the potential gap and galvanic current, 5ppm imidazole as corrosion inhibitor was
added to the system. The use of imidazole along with 1 wt.% fumed silica + 0.1 wt.% H.0> +

0.02 M oxalic acid desired selectivity of ~1.05:1 (Figure 4.3.7b). Also, the potential gap was
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reduced to 12 mV, thus, making the slurry apt to be used in semiconductor industry. (Figure
4.3.9¢) It was seen that although imidazole suppresses the anodic current for both the metals,
its effect is more pronounced for Co. Formation of the metal compounds and complexes along
with inhibition effect by imidazole in the presence of H2O>, oxalic and imidazole respectively

were confirmed using FTIR analysis (Figure 4.3.5) and UV spectroscopy (Figure 4.3.6).

The fourth part of the objective is a comparative reaction mechanistic analysis of Co anodic
dissolution with and without the presence of 0.02 M oxalic acid along with 0.1 wt.% H20: at
pH 9. Hence, anodic polarization and EIS measurements were performed which illustrated in
Figure 4.4.1 and Figure 4.4.5. 1t was seen that Co anodic dissolution rate is higher in H20;
+oxalic acid system as compared to H>O> system. Similar two looped impedance curves (higher
frequency capacitance loop - charge transfer resistance and electrical double layer; lower
frequency loop -faradic and non-faradic reactions processes occurring between the interface of
the metal and the bulk solution) were observed for both the system. Based on the impedance
curve trend, a combination of circuit elements was modelled and simulated at different
overpotentials (Figure 4.4.6). The EEC parameters (Table 4.4.2) obtained justifies the findings
quantitatively. To get a detailed understanding of the dissolution pathway, a multi-step
mechanism for both the systems was proposed. Three intermediate adsorbates species Co},
CoZ} and Co2}and two dissolution paths (chemical and electrochemical step) were considered
for the proposed mechanism. Reaction mechanism analysis (RMA) approach was employed to
analyze the kinetics of Co anodic dissolution. Based on the best fit RMA parameters (Table
4.4.3) it was confirmed that oxalic acid enhances dissolution of Co in the form of Co3* ions.
Surface coverage studies (Figure 4.4.8) and ks and ks values (Figure 4.4.9) confirm that
dissolution is mainly favored by the electrochemical step (ks) with Co?* covering the more
surface area on the metal surface. The simulated data fits well with the experimental anodic

polarization data and EIS data, confirming that the mechanism proposed explains properly both
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the system (Figure 4.4.7 and Figure 4.4.10). Surface morphologies studies were done using
FESEM (Figure 4.4.2) and contact angle analysis (Figure 4.4.3) and the compounds formed
were confirmed using XPS analysis (Figure 4.4.4). The corrosion observed is general

corrosion.

5.2 Conclusion

The major conclusions that can be extracted from the thesis are:

e Solution comprising of fumed silica (2 wt. %), KIO3 (0.2 M) and BTA (5 mM) gives a
selectivity of Ru-Cu selectivity of ~1.03:1 and is appropriate for effective polishing of
barrier metal and interconnect. The dissolution of the metals is endothermic in nature.
Temperature and pH play an important role in RR. The system defies Prestonians
equation.

e NaOCI (0.5 wt. %), fumed silica (2 wt. %), and BTA (5 mM) gives a Co-Cu a selectivity
of ~1:1.006 at pH 9 with high RR and low SER. The process parameters do not have
any significant impact on selectivity. Dissolution is low in the alkaline region due to
formation of stable passive layer on the metal surfaces. However, the passivation and
the removal process are quite dynamic is nature.

e Addition of oxalic acid (complexing agent) increased the RR of Co and Cu to a great
extent by forming Co-oxalate and Cu-oxalate complexes. Corrosion potential
difference (Cugcorr - COEecorr) Was reduced to 12mV by using 0.1 wt.% H>0O. + 0.02M
oxalic acid + 5ppm imidazole solution at pH 9. The proposed slurry also gave a Co/Cu
selectivity ratio of 1.05:1 thus making it apt to be used for Co-Cu polishing in

semiconductor industry.
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e The multi-step mechanism with three intermediate adsorbates and two dissolution paths
(chemical and electrochemical step) is suggested to explain the anodic dissolution

behavior of Co in H»O> solution both with and without oxalic acid:

ky + ko 2+ ks 3+ k 3+
Co —><T Co_, 4><T Co, 4><T Co,; ——Co_

3+
sol

CoZ —5Co

e Oxalic enhances the dissolution of Co in the form of Co3* ions. Dissolution is mainly
favored by the electrochemical step with Co?* covering the more surface area. An
enhanced dissolution is observed at higher over potentials due to the increase in

oxidation of Co?* to Co3*.

5.3 Future Scope

The findings of the thesis are summarized above and based on that future scope is proposed as

follows:
e To understand adsorption of inhibitor elaborately.

e Detailed study about dissolution mechanism and adsorption mechanism at molecular

level using molecular dynamics simulation and quantum chemical calculation.

e With the intensification in number of CMP steps associated with scaling down of
device, generates new types of defects. This demands the need of effective new cleaning
methods and development of novel post-CMP cleaning chemistries using non-

conventional solutions at escalation.
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