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The first part of this dissertation highlights the contents of the
electrochemical characterization of Cu and its electroplating on Ru-based
substrates. The growth of Ru native oxide does diminish the efficiency of Cu
plating on Ru surface. However, the electrochemical formed irreversible Ru
hydrate dioxide (RuOyH,) shows better coverage of Cu UPD. The conductive Ru
oxides are directly plateable liner materials as potential diffusion barriers for the
IC fabrication. The part Il of this dissertation demonstrates the development of a
new rapid corrosion screening methodology for effective characterization Cu
bimetallic corrosion in CMP and post-CMP environments. The corrosion inhibitors
and antioxidants were studied in this dissertation. In part Illl, a new SEC
methodology was developed to study the ORR catalysts. This novel SEC cell can
offer cheap, rapid optical screening results, which helps the efficient development
of a better ORR catalyst. Also, the SEC method is capable for identifying the
poisoning of electrocatalysts. Our data show that the RuO,H, processes several
outstanding properties of ORR such as high tolerance of sulfation, high kinetic

current limitation and low percentage of hydrogen peroxide.
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CHAPTER 1

INTRODUCTION OF INSTRUMENTS

This dissertation is the cumulative effort of my research work done in the
Interfacial Electrochemistry and Materials Research Lab (IEMR) at the University
of North Texas under the apt supervision and guidance of Dr. Oliver M. R. Chyan.
Chapter 1 discusses the instruments and techniques that have been used in this
dissertation. Chapters 2 and 3 highlight the contents of the electrochemical
characterization of Cu and its electroplating on ruthenium substrates. The second
part of my research covers chapter 4 and 5, which is dedicated to the
investigation of bimetallic corrosion of Cu and the interaction between Cu and
antioxidants or inhibitors. The final section of this dissertation introduces the new
method of spectroelectrochemical characterization of oxygen reduction reaction.
| conclude with chapter 7 on proposing further explorations and future plans for

continuation in this research project.

1.1 Electrochemistry
1.1.1 Fundamentals of Electrochemistry

The science of electrochemistry began with the discovery of electrical
charge from the twitching muscle of a frog dissection during an anatomic

experiment made at the end of the eighteenth century. A few years later,



Alessandro Volta developed the battery cell. But it was Michael Faraday who
greatly enhanced the study of electrochemistry and brought it to the attention of
the scientific community in the middle of the nineteenth century [1]. Since then,
there have been many applications of electrochemistry introduced into the
commercial and domestic use of our daily living. Electrochemistry can be
generally defined as the study on the phenomenon of charge and electron
transfer. The discipline of electrochemistry covers a wide range of different
physical and chemical field which includes coulometry, ion-selective electrodes,
photosynthesis, and biochemistry etc. In addition, there are also reports on the

many applications in using electroanalytical measurements [2, 3].

1.1.2 The Nature of Electrochemical System [4]

There are some basic and important concepts about electrochemical
systems. First, the electrochemical system is usually heterogeneous rather than
homogeneous because of the electrode/electrolyte interface. For instance,
various electrode reactions take place in a heterogeneous condition involving
activities such as hydrogen evolution, copper plating, electrode oxidation and
oxygen reduction. The solution of electrolyte can be separated in three parts
consisting the double layer, diffusion layer and bulk layer as shown in Figure 1-1.
The double layer is located within the interface between the electrode interior and
the electrolyte and extending further to the bulk layer. Second, surface reactions

near the electrode usually cover several complex kinetic steps which come with



the adsorption or deposition of atoms, intermediate products, migration of atoms,
and recombination of atoms. In that manner, the electrochemical systems show a
dynamic nature that link with the activity of chemical transportation. Third, the
current represents the reaction rate and the potential reflects the energy of
electrons. Finally, the potential and current are parameters which are inter-related

to each other; as a result, two of them cannot be controlled at the same time.
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Figure 1-1: Configuration of layers of electrolyte in electrochemical system.

1.1.3Three Electrode System

Due to the advantage of precise electrode potential control during the
measurement, the three-electrode method is the most widely used in
electrochemistry. In this system, a reference electrode, working electrode, and
counter electrode (secondary or auxiliary electrode) are used. An electrolyte is
usually added to ensure satisfactory conductivity for charge transfer between

electrodes. The range of the potential window is determined collectively by the



mixture of the solvent, electrolyte and particular working electrode.

1.1.4 Open Circuit Potential (OCP)

Open circuit potential (OCP) measurement is a fundamental property
responding to the nature of working electrode in equilibrium with its chemical
environments. The OCP value represents the stability of potential of working
electrode in different ambients and can reflect the purity and cleanliness of the

electrode.

1.1.5Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is one kind of potentio-dynamic electrochemical
measurement. The redox properties of chemicals in electrolyte or electrochemical
reactivity of reactive electrode can be determined from CV. In CV, the potential is
measured between the working electrode and the reference electrode and the
current is recorded between the working electrode and the counter electrode.
The CV experiment provides valuable information by plotting current (i) vs.
potential (E). The potential sweeps linearly back and forth with time in a pre-
defined range. Take a reversible redox reaction as an example, the anodic
forward scan will reach the potential of oxidation which produces the oxidative
current peak, and the reverse scan will usually have a similar reduction current
peak which has a symmetrical shape of oxidation peak. As a result, not only the

potentials of each oxidation and reduction but also the rate of electrochemical



reaction can be obtained. There is an example in Figure 1-2. The redox reaction

of Fe(CN)s>™ is represented as two current peaks which have peak current

potentials of E, and E..
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Figure 1-2: CV of redox reaction of Fe ion in 10mM K3Fe(CN)g/0.5 M K;SOq4
electrolyte with scan rate 50 mV/s.

1.1.6 Tafel Plot

Tafel plots relate to the tafel equation which concerns the rate of an
electrochemical reaction to overpotential (n). Tafel plot is the graph of the
logarithm of the current density (i) against the (n). A polarized electrode regularly
produces a relationship between current and potential in a region which can be
approached by:

n = B log (/1)
Where n is applied overpotential with respect to the open circuit potential, | is

the measured current density, B and |l are constants, |y is defined as the



equilibrium current density, and B is defined as the tafel slope.

The Tafel plot is generated by starting the polarization at about -200mV
from open circuit potential (OCP) and increasing till the potential is +200mV from
OCP. In Figure 1-3 (a), it shows that the corrosion current (Icor) can be estimated
by crossing extrapolation of cathodic and anodic current curves. The corrosion
potential (Ecorr) is allocated by extrapolation of the pointed tip of the tafel plot
curve to the axis of potential V. By characterizing the slope of two cathodic and
anodic branches, the tendency of redox reaction can be found as shown in
Figure (b). The Tafel plot was used to measure the corrosion potential and
corrosion current of Cu interconnects, diffusion barrier materials like Ta or Ru in

chemical mechanical planarization (CMP) slurry solution.
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Figure 1-3 (a): A typical Tafel plot of Cu electrode shows Ecorr, lcorr, Cathodic
curve, and anodic curve.
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Figure 1-3 (b) Tafel plots of different reaction tendency.

1.1.7 Electrochemical Quartz Crystal Microbalance (EQCM)

The electrochemical quartz crystal microbalance (EQCM) is the analytical
technique which combines the electrochemical techniques with the QCM sensor
as shown in Figure 1-4. The QCM is a piezoelectric device that is equipped with
alpha quartz crystals sandwiched between two metal electrodes which create an
electric bias across the quartz crystal as shown in Figure 1-5. With the electric
field, the vibrational motion of the crystal at its resonant frequency is sensitive to
mass changes on its electrodes. Hence, the EQCM can reveal detailed
information about adsorption or desorption process on electrode surface with
mass changes during examining redox reactions or chemical processes. The

EQCM is capable to measure the minute mass difference in nano-gram range



which allows detecting the monolayer or sub-monolayer films on its electrode [5].
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Figure 1-5: Thin quartz crystal sandwiched between two metal electrodes.
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Figure 1-6 The EQCM of Pt electrode (a) CVs of different scan rate in 0.5 M
sulfuric acid (b) mass difference corresponds to CVs in (a).

The EQCM has been used in various electrochemical systems involving mass
changes on electrodes, including the underpotential deposition (UPD) of metals,
mass changes in polymer films during redox processes, synthetic gene delivery
system [6] and biosensors [7-9]. In Figure 1-6 shows a typical the EQCM result of
CVs with and mass response on Pt electrode in 0.5 M sulfuric acid. The mass
difference in hydrogen UPD area (0.205cm?) is ca. 3.3 ng which provides the

surface roughness ca. 1.39 which means the theoretical exposure area is slightly



larger than calculated geometry area. Also, the hydrogen UPD on Pt surface
does not depend on scan rate of potential because the mass spectra overlapped
even with different scan rate. The EQCM technique has become increasingly
important in the development of integrated circuits (IC) industry as wells as lab-
on-a-chip total analytical systems like the growth of Cu UPD on seedless
diffusion barriers. Also, the EQCM can be applied into the absorption or
desorption of inhibitors in the study of corrosion inhibition under corrosive
environments such as chemical mechanical plarnarization (CMP) and post-CMP

environments for IC chips fabrications.

1.1.8 Rotating Ring Disk Electrode system (RRDE)

A rotating ring — disk electrode (RRDE) can be used as a double
hydrodynamic working electrode in a three electrode system [10]. The working
electrode rotates during experiments creating a flux of electrolyte flow to the
electrode. The continuous conversion of reactant to product requires the steady
supply of reactant to the electrode surface and the removal of product. The
RRDE working electrodes are usually used in electrochemical studies when
investigating reaction mechanisms related to redox chemistry that involve the
transfer of electrons across the interface between a solid and an adjacent

solution phase.
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Figure 1-7 (a) the structure of RRDE and (b) the flow pattern of electrolyte
while rotating the RRDE.

A rotating ring-disk electrode (RRDE) is encased by an insulating sheath of
substantially larger diameter (Figure 1-7a). The structure is rotated about an axis
perpendicular to the surface of the disc electrode [10]. In addition, mass transport
usually dominates the reaction rate when solutions are diluted. The supply and
removal of reactant and product can be affected by three mass transport
processes which are diffusion, convection, and migration. A RRDE is a device
that creates a flow pattern (Figure 1-7b) where the mass transport of the species
is almost completely due to convection [11]. For instance, Figure 1-8
demonstrates the RRDE system in 0.05 M KzFe(CN)g + 0.1 M KCI. The ring

electrode was held at 0.33V to re-oxidize the Fe(CN)s* which was reduced from
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center disk during linear sweep voltammetry (LSV) from 0.4V to -0.1V. Based on
the ratio of current between ring and center disk, the collection efficiency, Nes, IS
different according to different rotating speeds. For instance, the N is 15% at
900 rpm, and 25.7% at 100 rpm. The RRDE is used in chapter 6 for the study of
oxygen reduction reaction (ORR) by characterizing the cathodic catalysts in

proton exchange membrane fuel cell (PEMFC).
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1.1.9 Spectroelectrochemistry
Spectroelectrochemical (SEC) method deals with the measurement of

spectroscopic transformation activated by electrochemistry. An electrochemical

12



system investigates the charge transport mechanism at a boundary of two
phases, mainly electrolyte/solid interface [12]. On the other hand, spectroscopic
methods often focus on bulk optical properties of different materials [13]. In situ
methods in electrochemical studies can offer information of the kinetic data on
electrode reactions and quantitative information for electrochemical
characterization such as complex redox reactions, electron transfer processes,
current, charge, and potential.

Currently, two different SEC cells are applied in a conventional UV/Vis
spectrometer [14]. One is optically transparent electrochemical (OTE) cell and the
other is long optical path thin layer (LOPTL) cell. The OTE cell should have lower
absorption coefficient than the absorption of the products being investigated. The
LOPTL cell has longer optical path than OTE cell, therefore, electrochemically
generated products of the lower absorption coefficients can be measured.

In chapter 6, the SEC method combines the pH indicator with the UV-Visible
spectrometer to measure the proton concentration variation that can directly
relate to the proton consumption or hydroxide generation caused by oxygen
reduction reaction (ORR). Therefore, the ORR causes the pH indicator to change
color which represents increasing absorbance in UV-Vis spectra. The enhanced
relative absorbance indicates the better ORR catalysts. The operational scheme

is shown in Figure 1-9.
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Figure 1-9: Scheme of spectroelectrochemistry.

1.2 Thin Film Deposition

Thin film is a relative term for deposition. The most deposition techniques
control layer thickness under micrometer range. The deposition techniques are
separated into two broad categories, one is chemical deposition and the other is
physical deposition. The chemical depositions are usually conformal film whereas

the physical depositions are commonly directional rather than conformal.

1.2.1 Chemical Deposition

Chemical depositions indicate the process is primarily chemical reaction

14



during the deposition such as electroplating and chemical vapor deposition
(CVD). The electroplating is a plating process where metal ions in aqueous are
deposited on conductive substrate by an electric field. The electroplating has
been done for hundred years, but it is still critical for modern technology.

The CVD requires volatile precursor to react or decompose on the substrate
surface. During the chemical deposition, the gas-phase by-products are
produced which are removed by gas flow through the reaction chamber. Atomic
layer deposition (ALD) is similar to the CVD. But, the ALD is a self-limiting thin
film deposition. The precursor reacts with a surface one-at-a-time in a sequential
manner. By exposing the precursors to the surface repeatedly, atomic layer
control of film growth rate can be obtained as fine as ~0.1 A (10 pm) per
monolayer. Recently, there has been a rapidly growing interest in ALD of
materials used in microfabrication processes, especially in integrated circuits

(ICs) [15, 16].

1.2.2 Physical Deposition

The physical deposition usually operates under a vacuum environment to
assure the particles can travel freely to form a solid layer on a cooler substrate
like formation of frost. The varying techniques of PVD are divined by the method
of producing the particles from an evaporant or a target. For instance, the
magnetron sputtering system uses magnetic field to attract argon plasma to

bombard the target, which sputters a cluster of few atoms from the target onto a
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substrate. It is a fast deposition technique and also provides a good thickness
control. In Figure 1-10, the desk pro dual magnetron sputtering system (Denton
Vacuum LLC.) is capable to deposit thin film of multi-layers or alloys. This
sputtering system is equipped with a direct current (DC) power and a radio
frequency (RF) power magnetron guns. The high radio frequency corresponds to
the alternating currents, which allows sputtering of insulating material even in air
ambient. Hence, the magnetic field can be generated on insulating target and
sputter-deposit insulating materials like Si by using RF power source. The thin
film techniques of CVD, ALD, electroplating and PVD are used in this

dissertation.

Figure 1-10: Dual magnetron gun sputtering system.

1.3 Surface Analysis Techniques
Surface analysis techniques such as AES (auger electron spectroscopy),

XPS (X-ray photoelectron spectroscopy) also known as ESCA (electron
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spectroscopy for chemical analysis), are used to characterize the elemental
composition, surface chemistry and elemental distribution in concerned region
(ca. 1 to 10nm). Moreover, the information from a thicker region of the specimen
is also capable to be obtained by using depth profiling techniques which aimed a
high energy ion (generally between 500 and 5,000 eV) to bombard material off
the sample surface and the consequent freshly exposed surface is then
analyzed. Techniques are important which can analyze the surface chemical and
physical state and clarify it from that of the underlying solid [17]. Some of
fundamental techniques are used in this dissertation which will be introduced in

the subsequent sections.

1.3.1 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique which is widely used
in the field of surface science [18]. The X-ray photon energy (E = hv) is the
product of Planck’s constant (h = 6.623 x 104 joules - second) with the
frequency of the X-ray radiation (v). The X-ray photoemission was generated by
bombarding a core electron in a target element like Al or Mg. There is
photoemission onto the specimen surface if the core electron is able to overcome
the binding energy (Eg). Since emitted photoelectrons must travel a relatively
long distance to the detector, XPS is under ultra high vacuum (UHV; < 10 torr)
to avoid losing the photoelectron through collisions on its way to the electron

energy analyzer. Consequently, the XPS signal counts were collected by the
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electron detector. The energy of the photoelectron E is related to the atomic and
molecular chemical environment where it is emitted. So, XPS can provide
qualitative and quantitative information on nearly all elements present on a very
top specimen (except H and He) within 7 to 10 nm depth. Photoemission may be
viewed such that:

Eg = hv -Ei

Where Eg is the binding energy of the electron needed to escape the
vacuum energy level where the atom cannot exert influence on the electron. Ex is
the kinetic energy of the emitted electron [19]. The emitted photoelectrons are
channeled through an electrostatic hemispherical electron energy analyzer onto
a large area detector that is measured. The hemispherical analyzer establishes
an electrostatic field to allow only those electrons of a given pass energy to arrive
onto the detector itself [20].

Since the X-ray photon energy (hv) and Ex are known, Eg can be
calculated. The binding energy also provides important information about the
bonding characteristics of the environment. A chemical shift towards lower
binding energy would be seen if a chemical element was to be in an electron-
donating environment whereas the higher binding energy would be observed
when an element was in oxidation state.

The X-ray photoelectron spectroscopy was accomplished using a PHI
5000Versa Probe™ Scanning XPS as shown in Figure 1-11. A standard Al-Kq X-

ray source at 280 watts and electrostatic analysis in constant pass energy mode
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of 114.7eV for survey scans and 23.5 eV for detail scans. The Versa Probe
scanning XPS provides a highly focused monochromatic X-ray beam, (10um to
100um) which can precisely focus on the concerned region even mapping the
chemical composition by scanning X-ray beam. A 100V to 5kV differentially
pumped Ar ion gun with regulated leak valve is available for specimen cleaning
and sputter depth profiling with monolayer resolution. Also, the Ar ion gun is used
to neutralize the insulating materials to prevent the electronic field from emitting
photoelectron on local area during the X-ray irradiation. In this dissertation, the

XPS was utilized in several chapters to characterize metallic copper, Cu(l) oxide

and Cu(ll) oxide while exposing to different chemical environments.

el o0 Rl —
Figure 1-11 (a) XPS chamber in (b) PHI 5000VersaProbe™ Scanning XPS.

1.3.2 X-Ray Diffraction (XRD)

XRD is a valuable technique to obtain information about the

19



crystallographic structure, chemical composition, and physical properties of
materials and thin film. Since W. L. Bragg (1913) was first to show the scattered
intensity which leads to diffraction can be equally visualized as if the X-ray were
reflecting from the imaginary planes defined by Miller indices. Bragg’s law is
given:

nA = 2d sin®

Where n is an integer, A is the wavelength of incident wave, d is the
distance between the planes in atomic lattice, and the 8 is the angle between the
incident X-ray and the scattering planes.

A thin film has small grain size where scattering planes are gathered with
couple of atoms. The thin film diffraction required a low grazing incidence X-ray
which allows characterizing the crystallographic structure and preferred
orientation of substrate-anchored thin films. In Figure 1-12, the low grazing
incident thin film XRD (Rigaku Ultima Il high resolution X-ray diffraction) was
used to characterize the Ru crystalline structure and its grain size after
electrochemical oxidation or thermal oxidation. The tube source was operated
using Cu Ka radiation, which emits x-rays with wavelengths of 1.542 A at 40kV

and 30 mA. The scan rate was 4°/min.
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1.4 Surface Microscope
1.4.1 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM), a very high-resolution type of scanning
probe microscopy, was developed by Binnig, Quate and Gerber in 1986. The
AFM is one of the leading tools for 3D-imaging, measuring and manipulating
matters at nanoscale which is 1000 times better than the optical diffraction limit.
Unlike scanning tunneling microscopy (STM), AFM does not need a conducting
sample [23-24]. The surface information is obtained by scanning the surface with
a mechanical probe which consists of a cantilever with a sharp needle-like tip at
its end. The cantilever is typically made by silicon or silicon nitride with a tip
radius of curvature on the order of nanometers. Piezoelectric elements that
facilitate tiny but accurate and precise movements on (electronic) command

enable the very precise scanning. When the tip is moved close to a sample
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surface, forces between the tip and the sample resulted in a deflection of the
cantilever according to Hooke's law. It works as a spring to keep the tip against
the surface when moving back and forth. Topographic images of sample are
produced by mapping the tip movement. A fixed laser beam points on the top of
the tip and reflected to a photodiode sensor to measure the movement of the tip.
By combining the tip Z direction movement with X and Y movements of
piezoelectric stage, the 3-D topographic images of sample are produced. Also, a
feed-back regulator responds to the changes of the path by activating a
piezoelectric control, which adjusts the height of sample to balance the force
between tip and surface to prevent the tip damage during scanning.

AFM imaging modes are divided into contact (also called static) modes and a
non-contact (or variety of dynamic) modes where the cantilever is vibrated. From
the beginning, AFM was designed as a contact mode. However, it is difficult to
obtain a good image for a soft surface or a surface under liquid. Non-contact
mode AFM was invented by Martin et al. [25] to solve those problems. In non-
contact mode, the AFM tip should vibrate close to the sample surface with low
energy. The applied force of tip is in the 0.1 to 1 nano-Newton range, which is
significantly lower than the force applied by the contact mode. In Figure 1-13,
Nanoscope Il Scanning Probe Microscope Multi-Mode® system (Veeco Inc.) is

used to provide us surface information of Ru PVD thin film.
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Figure 1-13 (a) Nanoscope Il SPM multimode system.
(b) Close view of optical head.

1.4.2 Transmission Electron Microscopy (TEM)

The transmission electron microscope (TEM) operates on the same basic
principles as a slide projector which images the structures and objects on the
slide and magnifies those onto the viewing screen. But, TEMs use electrons
instead of light source. The TEM has better resolution than light microscope
because TEM use electrons as “light source” which has lower wavelength (ca. 6
pm with 200 KeV) than the wavelength of light (400-700nm). Therefore, the
resolution from TEM is a thousand times better than from light microscope, which
means the objects can be obtained in the order of a few angstroms (10°m). The
A fluorescent screen is used as an image device and a detected sensor CCD
device is equipped to save the images.

Another associated technique of scanning transmission electron microscopy

(STEM) can visualize the atoms with Z-contrast images by high—angle annular
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dark-field (HAADF) detector [26]. During the electron scanning, the electrons are
allowed to pass through the center of the annular detector to a detector of
electron energy loss spectroscopy (EELS). Also, the energy dispersive X-ray
(EDX) is produced by refilling electron vacancy of core orbital which is kicked out
by probing electron beam. The EELS and EDX are complementary to each other
just like IR and Raman spectroscopy. The EELS trends to work best at relatively
lower atomic numbers comparing with the EDX [27, 28]. Therefore, the TEM is
capable to study small details in the cell or different materials down to near
atomic levels in both medical, biological and materials research [29, 30]. In
Figure 1-14 (a) shows the TEM instrument (FEI Tecnai G2 F20 S-Twin 200keV
field emission scanning transmission electron microscope), and the Figure 1-14
(b) shows TEM image of Pt thin film made by PVD sputter deposition. The
techniques of STEM, HRTEM, and EDX were used to characterize the Ru thin
film. Also, the selected area diffraction (SAD) of polycrystalline or single
crystalline gives spot patterns as shown in Figure 1-15(a). The SAD of
nanocrystalline provides ring patterns (Figure 1-15b) which can be used to

identify texture or nanocrystalline from amorphous phases.
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Figure 1-14 (a)High resolution analytical
TEM. (b) image of Pt film plan view 79K
magnification.

(a) Ru oxide SAD : (b) Ru SAD
_ “~(1072)
(10T1)

:’""(W)

Figure 1-15 (a) SAD pattern of Ru single crystal and (b) SAD pattern of Ru
plain view.

1.5 Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance is a an invaluable technique that utilizes the
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magnetic properties of certain nuclei which includes isotopes that contain an odd
number of protons and neutrons such as *H and **C. NMR spectra are the most
important characterization tool for the organic chemist. The NMR spectroscopy is
a very useful analytical method because several types of information can be
obtained from an NMR spectrum like using infrared spectroscopy (IR) to identify
functional groups. By analysis of a NMR spectrum, it gives information on the
number and type of chemical entities in a molecule. However, NMR provides
much more chemical structural information than IR.

The NMR spectroscopy can be used to study mixtures of analytes, to
understand dynamic effects such as change in temperature and reaction
mechanisms. The NMR can be applied to a wide variety of samples, both in the
solution and the solid state. In chapter 5, the structure of gallic acid was
characterized by *H and *3*C NMR spectra which were recorded by a Varian VXR-

500 spectrometer at 500 MHz and 125 MHz, respectively.
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PART |
ELECTROCHEMICAL CHARACTERIZATION OF COPPER PLATING ON
RUTHENIUM-BASED SUBSTRATES
CHAPTER 2

ELECTRODEPOSITION COPPER ON RUTHENIUM-BASED SUBSTRATES

2.1 Introduction to Cu Interconnects and Diffusion Barriers

In the microelectronic industry, Ta/TaN or TiN/Ti has been the material of
choice for copper diffusion barrier [1-4]. Since the adherence of Ta alone is poor
on SiO, dielectrics, TaN is commonly used as an adhesion layer. Recently, the
the dimension of integrated circuit (IC) chip is being shrinked continuously to
follow the Moore’s law which states that the number of transistors in IC chip will
be doubled approximately every eighteenth months [5]. Due to the scaling
difficulty in case of Ta/TaN bilayer, extensive research are focused on finding new
materials for copper diffusion barrier that can be used with only one layer. In Pt
group metals, ruthenium has been studied to be one of the candidates for barrier
materials. The properties such as high thermal and chemical stability, high
electrical conductivity, high melting point and less solubility of Cu on Ru even at
high temperatures makes Ru to be metal of choice for barrier applications. Also,
electrochemical Cu underpotential deposition (UPD) on Ru, a phenomenon that

demonstrates the strong interfacial binding between Ru and Cu plays a
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significant role in Cu plateable diffusion barrier performance [6]. There is an
increased interest on exploring Ru for barrier material because recently, an ultra
thin Ru was proved to function as barrier layer that can be electroplated with Cu
without the need of copper seed layer [7,8]. However, the effect of different
treatments on Ru surface as the substrate for Cu deposition becomes
increasingly more important. This chapter describes the study of Cu
electrodeposition on the various Ru-related surfaces prepared from air exposed
Ru surfaces, fresh polished Ru surface, electro-oxidized and reduced Ru
surface, hydrogen plasma treated, and forming gas annealed Ru on Cu
deposition. The characteristics of Ru surface and its influences on Cu plating

were systematically studied.

2.2 Materials Preparation and Experimentation

For electrochemical experiments, Pt sheet is used as the counter electrode
and saturated silver/silver chloride as reference electrode (Ag/AgCl 0.197V vs.
SHE). All potential values are referred against Ag/AgCl reference electrode in this
chapter. The three electrode electrochemical cell set up was connected to one of
the 400, 440a and 760b series model electrochemical potentiostats from CHI
(CHI instruments). In order to prepare 0.5 M sulfuric acid with 2mM copper
sulfate electrolyte solution as plating bath for Cu, high purity (99.999%) copper
sulfate pentahydrate was purchased from Aldrich® and all acids like sulfuric acid,

nitric acid, perchloric acid, phosphoric acid, and hydrochloric acid were obtained
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from Mallinckrodt Baker, Inc. Extra pure research grade hydrogen gas was
purchased from AIR LIQUIDE. The purity of hydrogen gas is 99.9995%. The
hydrogen gas is used for two purposes; as feeding gas in plasma system and as
purging gas to purge the Cu plating bath in electrochemical analysis.
Electrochemical reduction or oxidation of Ru electrode is achieved by applying
negative or positive potential respectively. Ru electrode surface is reduced by
applying cathodic potential at -0.4V in 0.5 M sulfuric acid and also oxidized by
applying anodic potential at 1.3V in the same electrolyte. Beside electrochemical
treatment, the Ru surface is cleaned by using the HARRICK PLASMA, plasma
etcher. Plasma cleaning is a dry process for surface treatment and the surface is
activated by plasma treatment with hydrogen gas.

Ruthenium (99.98% pure) was deposited on Ti (99.7% pure) pre-coated Si
wafer by using magnetron sputtering physical vapor deposition (PVD) system
(Desk Pro Denton Vacuum). Both Ti and Ru coating was deposited by DC power
source. The cross sectional images of Ru wafer were obtained by using high-
resolution transmission electron microscopy (HR-TEM). HR-TEM and scanning
transmission electron microscopy (STEM)-energy dispersive X-ray (EDX) were
performed by FEI Tecnai G2 F20 S-Twin 200keV (S/TEM) at Center for Advanced
Research and Technology (CART). Atomic force microscopy (AFM) (Veeco®

Nanoscope Ill) provides the 3D-topography of sputtering PVD Ru wafer.
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2.3 Ruthenium Native Oxide Growth by Air Exposure

Ruthenium native oxide is formed naturally when exposed to air [9, 10]. The
thin layer of native oxide is formed rapidly on a freshly polished Ru electrode
surface. Therefore, the difference in Cu deposition on reduced Ru surface and
surface with native oxide layer becomes a fundamental issue for Ru as the
barrier material. In this study, OCP (open circuit potential) and CV (cyclic
voltammogram) experiments are carried out to examine the formation of Ru
native oxide

Ru native oxide can be electrochemically reduced by holding the Ru

electrode at negative potential [6]. From the amount of charge consumed for the
reduction reaction, the native oxide formation on Ru surface can be quantified. In
order to maintain a reproducible Ru surface, the Ru electrode was polished once
before the first air exposure experiment, then the air-exposed Ru shot was
cleaned by electrochemical reduction (hold at -0.4V for 2 minutes) before each
new air exposed run. After the air exposure, OCP value of air exposed Ru was
measured and CV was recorded starting from OCP to -0.4V. Figure 2-1 shows
CV of native oxide formed on Ru surface in sulfuric acid solution. It was
observed that the oxide reduction charge is higher for the electrode exposed to
air for longer time, which means that the coverage of Ru native oxide increases

when the surface is exposed to atmosphere.
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Figure 2-1 CVs of Ru electrode exposed to air for different times (5-240 min) in
0.5M H,SO0,.

The CHI software has a program that enables to calculate the charge
under the reduction or oxidation peak in cyclic voltammogram. Using that
program, the charge under each native oxide reduction peak is obtained and
plotted as shown in Figure 2-2. Both the oxide reduction charge and the OCP
value reveal the state of the Ru surface. The OCP of air exposed, saturated Ru
native oxide is found to be higher than that of electrochemically reduced surface.
In the other words, the OCP value keeps increasing with the increase in native
oxide layer thickness on the Ru surface. Figure 2.2 shows that the growth of

native oxide on Ru will reach a saturation point in a time period of 3 hours.
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Figure 2-2 Native oxide reduction charge and OCP value vs. time of exposure.

2.4 The Effect of Ru Surface Conditions on Cu Electrodeposition

The effect of Ru surface nature on Cu electrodeposition is explored. The
study is crucial since the native oxide will dominate the Ru/Cu interface before
plating thin layer of Cu. In the following sections, experiments results are shown
from the investigation of Cu underpotential deposition on Ru surfaces exposed to
air for different time intervals. Before the experiment, the Ru shot electrode is
well polished using fine polishing pad (1um roughness). The smooth Ru surface
is very important in order to calculate the correct geometric area of Ru surface.
In the CV of Ru in Cu plating solution, the monolayer coverage of Cu on Ru
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surface can be calculated from the Cu UPD stripping charge, from the formula

givenin Eg. 2-1

QNa
Monolayer (ML) = Eq. 2-1
yer (ML) NFA(1.27x10™) a

Where,

Q — Charge of Cu UPD stripping (in coulombs)

Na — Avogadro number (6.022X10%)

n — Number of the electrons for Cu** reduction = 2
F — Faraday constant (96485 Coulomb/mole)

A — Geometric area (cm?)

2.4.1 Effect of Ru native Oxide On Cu ECD

Figure 2-3 shows the CV of native oxide covered Ru in 2mM
CuS04/0.5MH,S0O;4 solution. It was clearly observed that the copper UPD
striping peak at 0.15V is decreasing when Ru electrode air exposure time is
increasing. This is attributed to the fact that the continuous growth of Ru native
oxide upon exposure to air results in increased coverage of oxygen atoms on the
surface and thereby leaving only a lesser amount of fresh Ru for Cu first layer
nucleation. In other words, the binding force between Cu atom and Ru native

oxide surface is not as strong as Cu atom and oxide free Ru surface. Hence, the
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presence of native oxide layer decreases the efficiency of both bulk and UPD Cu

plating on Ru surface.
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Figure 2-3 Cu electrodeposition on Ru surface in 2mM CuS0,4/0.5M H,SO, at
a scan rate of 20 mV/s. Inset: Cu UPD Monolayer (ML) coverage on Ru
exposed to air for different time intervals.

2.4.2 Effect of Ru Electrochemical Oxide on Cu ECD

In the previous section, the Ru native oxide was shown to hinder the Cu
deposition. In this section, Cu UPD results were obtained on electrochemically
grown Ru oxide and compared to that of air exposed oxide. Ru oxide can be

formed electrochemically by applying certain potential to oxidize surface of metal
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electrode [11]. It was previously demonstrated that Ru oxide (RuOxHy) formed at
1.3V on fresh polished Ru surface are conductive and have strong binding with
Cu [6, 12, 13]. Both of these Ru surfaces were found to have Cu UPD. Cu UPD
growth was studied on Ru electrochemical oxide that was developed by applying
different oxidizing potentials (0.55V, 0.65V, 0.85V, 0.95V, 1.1V, 1.2V and 1.3V vs.
Ag/AgCl) for 30 seconds. Ru electrode surface was polished freshly before
immersing it in sulfuric acid solution to grow electrochemical oxide. In figure 2-4,
anodic bulk Cu stripping peak from first CV cycle from different electrochemical
Ru oxide surfaces are shown. Both the peak current and charge associated with
Cu bulk stripping decreases when the Ru oxidizing potential increases from
0.55V to 1.10V. However, the bulk striping peak current increases when Ru
surface was oxidized over 1.10V.

Cu UPD measurements also show that oxidizing Ru electrode at 1.10V
does change its surface nature in such a way to resist the Cu monolayer
formation. Figure 2-5 shows the Cu UPD stripping peak obtained from the CV
scan of Ru oxide prepared at different applied potentials. It was observed that the
Cu monolayer growth decreases for increasing oxidation potential from 0.55 V
and reaches a minimum value for 1.1 V oxidized Ru surface. The anodic bulk
and UPD stripping peak charges are obtained by integrating area under the peak
and plotted against Ru oxidation potentials (inserts in Figure 2.4 and 2.5). The V
shape curve in both the Cu bulk and UPD stripping charges shown in the insets

point out that the electrochemical Ru oxide formed at around 1.10V is likely a
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transition state between reducible and irreducible oxides (RuOxHy).
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Figure 2-4 Anodic Cu bulk stripping on RuOx/Ru formed at various oxidizing
potentials. Insert: Cu bulk charge vs. potential of RuOx/Ru. Oxide formed till

1.1V affects Cu plating efficiency and > 1.2 V greatly improves the Cu plating
characteristics.
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Figure 2-5 Cu UPD on RuO,/Ru formed at various positive potentials as
mentioned in the text. Insert: Cu UPD ML on RuO,/Ru.
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The ratio of bulk stripping charge to the bulk reduction charge will give
information about Cu plating efficiency. From the bulk stripping charge (insert)
obtained from Figure 2-4, the Cu plating efficiencies are calculated and found to
be decreasing when the oxidized potential increases from freshly polished Ru
surface to 0.55V to 1.10V oxidized surface. Furthermore, from the Cu UPD peak
charge in Figure 2-5 (insert), the calculated monolayer values decrease from
0.75 to less than 0.1 when the oxidized potential increases from 0.55 V to 1.10 V.
Comparing with air-exposed Ru oxide, which is saturated with Ru native oxides,
its monolayer coverage of Cu UPD doesn’t drop as much as it does on Ru
electrochemical oxide prepared at potential 1.10 V. So, the oxidation potential at
1.10V can be the transition potential to form reducible to irreducible oxide on Ru
surface. Figure 2-6 shows the CVs of progressive oxidation of Ru electrode in 0.5
M sulfuric acid. As the oxidizing potential increases, the oxide formed becomes
harder to reduce and it takes more negative potential at the reverse scan to
reduce it. When the oxidizing potential reaches higher than 1.10V, the reduction
current of the oxide formed at this potential was not present in the reverse
potential scan. This oxide formed at higher than 1.10V is irreducible and is

labeled as hydrate Ru oxide (RuOyxHy).
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Figure 2-6 CV of progressing oxidation of Ru electrode in 0.5 M H,SO,4
solution with scan rate 50mV/s.

2.5 The Study of Cu UPD by Using Electrochemical Quartz Crystal
Microbalance (EQCM)

The adsorption and deposition of metal atoms on foreign metal substrates
represents an interesting area of study because the strong adatom/substrate
interfacial bonding can control the growth behavior and the resulting structures,
especially as a function of surface coverage like UPD in electrochemistry. EQCM
is particularly suited for the study of UPD process, which refers to the
electrodeposition of metal monolayer(s) like Cu on a Ru substrate can take place
at more positive potentials than that for Cu deposition on Cu substrate. By
utilizing the EQCM technique, the surface coverage of Cu UPD can be precisely

and reproducibly controlled and the coverage-dependent properties including the
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structure of the metallic adlayer and its electronic properties can be explored [14-

17].
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Figure 2-7 (a) Progressive CVs of DC Ru thin film electrode in 2mM
CuS04/0.5M H,S0O,4 scan rate: 10mV/s. (b) the mass difference response to
the CVs from Figure 2-7(a).

Figure 2-7a is the EQCM result of Cu UPD on Ru thin film which was
sputter-deposited with DC power under 150W and Figure 2-7(b) shows the
corresponding mass changes on Ru electrode. The EQCM reveals the insightful
details of Cu UPD with mass response during the potential scan. The progressing
scanning CVs and the mass response show that the onset potential of Cu UPD
and bulk deposition are 0.2V and -0.025V, respectively. From the progressing
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CVs in Figure 2-7(a), it was observed that the bulk Cu stripping peaks shifted to
more positive potential with thicker Cu deposition. But, both anodic and cathodic
Eurp (UPD potential) maintained the same value independent on the thickness of
bulk deposition. Therefore, the analysis at AE, in anodic curve may not be
suitable due to the shifting of E,yk. The monolayer (ML) coverage of Cu UPD was
calculated by two ways. One is to convert the charge into the ML by using
integrated Cu UPD stripping peak in CV as shown in Figure 2-8(a). The 0.74 ML

is obtained by converting 7.23x10™ C.
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Figure 2-8 (a) CVs of Cu plating on DC Ru in 2mM CuS04/0.5M H,S0O4. (b):

The mass difference response to the CVs from Figure 2-8(a).
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Figure 2-9 (a) Cyclic voltammograms of Cu UPD on RF Ru with different scan
rate: 5 mV/s, 10 mV/s, 20 mV/s; (b) corresponding mass response from
EQCM.

The alternative way is to calculate ML by using the mass difference from
its baseline right before the deposition of bulk Cu as shown in figure 2-7(b). The
27 ng of Cu UPD vyields 1.0 ML coverage. The ML coverage derived from the
mass data (1.0 ML) is more reliable than that calculated from charge (0.74 ML)
because the integrated area of Cu UPD peak was interferenced by the partial
overlapping with bulk stripping peak.

Figure 2-9 demonstrates the EQCM result of Cu electroplating on Ru thin
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film which was sputter-deposited by RF power under 150W. Figure 2-9(a) shows
the CVs with different potential scan rates (5mV/s, 10mV/s and 20mV/s) and
Figure 2-9(b) shows that the extent of bulk deposition can be affected by scan
rates that determine the scanning duration in negative potential region. Hence,
proportionally the bulk Cu was coated thicker when the applied scan rate was
slower. However, the similar mass increase for UPD deposition and decrease for
UPD stripping during the CVs even with different scanning rates, illustrates that
the Cu UPD is thermodynamic controlled up to 20mV/s. The 0.84 ML coverage of
Cu UPD was obtained from charge calculation. And 1.1 ML coverage was
obtained by converting EQCM mass result. The mass response of Cu UPD in
Figure 2-9(b) is similar to that in Figure 2-8(b). But the Cu UPD part show more
pronounced peak on RF Ru (figure 2-9a) than DC Ru (figure 2-7a) surface.

The Figure 2-10 shows the morphology difference between RF sputtered
Ru and DC sputtered Ru obtained by AFM (insert) and XRD spectra. The
different sputtering methods affect the grain size of Ru and the coating efficiency.
Also, with the same power (150W) under the same sputtering time the DC power
sputtering resulted in thickness twice more than RF power. The higher thickness
of DC Ru is due to the larger grain size obtained from DC power than RF. In
Figure 2-10, the XRD spectra also illustrate the different grain size by relative full
width at half maximum (FWHM). The Scherrer’s equation is given

Fcos@
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Where K = 0.9 is the shape factor, A is the x-ray wavelength (Cu 40keV,
Kq: 1.542R), B is the line broadening at half the maximum intensity (FWHM) in
radians, and 6 is the Bragg angle; 1 is the mean size of the ordered (crystalline)
domains.

Based on the Scherrer’s equation the particle size, 1, is anti-proportional to
the B (FWHM). Therefore, the ratio of particle size between DC Ru and RF Ru is

1.57: 0.8, which is similar to the ratio of AFM result: 2:1.

Grain size: 50-100 nm Grain size: 20-50nm
RMS =1.728 nm RMS =0.952 nm
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Figure 2-10 XRD spectra of DC Ru and RF Ru thin film. Insert: AFM images
RF right DC left.
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2.6 Effect Cu UPD on RuO4H, Formed by Different Acidic Media

Recently, there are increased interests on utilizing electrochemical formed Ru
oxide (RuOxHy) thin film for various applications. The (RuOxH,) not only can be a
potential Cu seedless liner material for semiconductor fabrication and memory
device [18,19] but also can be a potential catalyst in direct methanol fuel cell
(DMFC) as an anode for methanol oxidation [20-22]. In water splitting system the
RuOxHy also can be a cathodic catalyst due to pronounced hydrogen evolution
reaction (HER) in acidic environments. This section discusses the thin film
preparation of RuO4Hy in selected acidic media. The thin film PVD Ru (95 nm)
wafer was prepared by sputtering deposition of Ru on Si wafer. RuOxHy, was
made by electrochemically oxidizing the Ru/Si electrode at 1.3V vs. Ag/AgCl for
60 seconds in different acidic media (0.5 M each of sulfuric acid, perchloric acid,
nitric acid, phosphoric acid, and hydrochloric acid) as the electrolytes. During the
oxidation process vigorous oxygen evolution occurred, and the color of Ru wafer

changed from metallic color to brownish after electrochemical oxidation.

2.6.1 Ruthenium Hydride Dioxide (RuOxHy) Using Sulfuric Acid

Figure 2-11 shows the CVs of thin film RuOxH, made by electrochemical
oxidation in 0.5 M sulfuric acid. The CV of Cu electrodeposition is shown in
Figure 2-11(a) in 2 mM CuS04/0.5 M H,SO4 with scan rate 50mV/s. The Cu UPD
peak is at ca. 0.1V vs. Ag/AgCl in cathodic region and the Cu UPD stripping peak

is at ca. 0.2V anodic region.
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Figure 2-11 RuOyHy electrode was electrochemically formed in 0.5 M H2SO,.
(a) Cu electrodeposition on RuOxHy electrode in 2 mM CuS0O4/0.5 M H,SO,.
(b) background of RuOyHy (red) and Ru (black) in 0.5 M H,SO.,.

The figure 2-11(b) demonstrates that the thin film RuOxHy grew on the top of
PVD Ru, causing the capacitance increase in background CV. Also, not only the
higher capacitance on RuOHy is obvious, but also the more pronounced current

of hydrogen evolution reaction (HER) on RuOxHy is dissimilar to Ru.

2.6.2 Ruthenium Hydride Dioxide (RuOxHy) Using Perchloric Acid

Figure 2-12 shows the CVs in Cu UPD solution of thin film RuOxH, that was
oxidized in 0.5 M HCIO4 at 1.3V vs. Ag/AgCI. The deposition of Cu UPD is ca.
0.098V on cathodic curve, and stripping peak of Cu UPD is located at 0.212V.
From the presence of pronounced hydrogen evolution peak and increased
capacitance current, it was confirmed that RuOxHy was also formed in perchloric

acid. But the coverage of Cu UPD of RuO4H, formed in HCIO,4 was less than
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those formed in sulfuric acid, reference to Figure 2-11.
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Figure 2-12 RuOyHy electrode was electrochemically formed in 0.5 M HCIO,.
(a) Cu electrodeposition on RuOyHy electrode in 2 mM CuS04/0.5 M H2SO4.
(b) Background of RuOxHy (red) and Ru (black) in 0.5 M HCIO,.

2.6.3 Ruthenium Hydride Dioxide (RuOxHy) Using Nitric Acid

Figure 2-13 shows the CVs of thin film RuOxH, oxidized in 0.5 M HNO3 at
1.3V vs. Ag/AgCl. Slight Cu UPD observed at 0.037V on cathodic curve, and the
stripping peak of Cu UPD is absent in anodic curve. Based on the HER and
capacitance, the RuOxH, was also formed in nitric acid. But the Cu UPD

coverage was not noticeable in RuO,Hy formed in nitric acid.
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Figure 2-13 RuOyHy electrode was electrochemically formed in 0.5 M HNOs.
(a) Cu electrodeposition on RuOxHy in 2 mM CuS04/0.5 M H,SOa,.
(b) Background of RuOxHy (red) and Ru (black) in 0.5 M HNOs.

2.6.4 Ruthenium Hydride Dioxide (RuOxHy) Using Phosphoric Acid

Figure 2-14 shows the CVs of thin film RuOxH, oxidized in 0.5 M H3PO, at
1.3V vs. Ag/AgCl. The deposition of Cu UPD is ca. 0.094V on cathodic curve,
and stripping peak of Cu UPD is present at 0.181 V. According to HER and
capacitance, the RuOxH, was also formed in phosphoric acid. But the coverage

of Cu UPD was less than those formed in sulfuric acid.
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Figure 2-14 RuOyHy electrode was electrochemically formed in 0.5 M H3PO..
(a) Cu electrodeposition on RuOxHy in 2 mM CuS04/0.5 M H,SO,.
(b) Background of RuOxHy (red) and Ru (black) in 0.5 M H3zPOa.

2.6.5 Ruthenium Hydride Dioxide (RuOxHy) Using Hydrochloric Acid

Figure 2-15 shows the CVs of thin film RuO4H, oxidized in 0.5 M HCl at 1.3V
vs. Ag/AgCI. The deposition of Cu UPD is ca. 0.095V on cathodic curve, and
stripping peak of Cu UPD is present at 0.197V. Owing to HER and capacitance,
the RuOyHy was also formed in hydrochloric acid. But the coverage of Cu UPD

was still less than those formed in sulfuric acid.
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Figure 2-15 RuOyHy electrode was electrochemically formed in 0.5 M HCI.
(a) Cu electrodeposition on RuOxHy in 2 mM CuS04/0.5 M H,SOa,.
(b) Background of RuOxHy and Ru in 0.5 M HCI.

2.6.6 Analysis of Cu UPD on Ruthenium Hydride Dioxide (RuOxHy)

Figure 2-16 (a) shows the overlapped CVs of Cu UPD on RuOyHy which
were oxidized in different acidic media. Figure 2-16(b) and (c) show the zoom-in
Cu UPD deposition and Cu UPD stripping peaks, respectively. From the results, it
was observed that the electrochemical oxidation of Ru in different acidic media
resulted in RuOyHy formation with different characteristics though the pH of acidic
media is the same ca. 0.3. The cathodic and anodic peaks of Cu UPD in Figure
2-16 (b) and (c) illustrate the trend of the favorable Cu UPD: sulfuric acid >
hydrochloric acid > perchloric acid > phosphoric acid > nitric acid. Figure 2-17
shows the analysis result from Figure 2-16(b) and (c). Figure 2-17(a) shows the
calculated charge and discharge of Cu UPD by integrating the peak area in CVs

in figure 2-16(b) and (c). For instance, the Cu UPD stripping charge was obtained

52



from the anodic peak integration from the potential 0.1V to 0.4V; the Cu UPD
cathodic charge was obtained from integrating the cathodic curve between the
potential regions 0.05V and 0.2V. The trend of charge calculation in Figure 2-
17(a) shows the same trend as expected from the Figure 2-16. The charge can
be converted to monolayer (ML) coverage by using eg. 2-1. The peak potentials
(Ep) of both cathodic and anodic Cu UPD follow the same trend as that of charge
result. The more favorable of Cu UPD means the more interfacial bonding
strength between RuOyH, surface with Cu atoms because the higher positive
peak potential of Cu UPD demonstrates the lower required voltage for ML

deposition and higher applied voltage to remove the deposited ML.

(@) 5.
~ J —_— H2S504
——HCIO4
5 15 HNO3
E l ——HCl
H3PO4
S 10
Z _
o 0.54
©
= ]
T 0.0- —
LS) |
-0.54
02 00 02 04 06

Potential vs. Ag/AgCl

Figure 2-16 (a) Overlapped CVs of RuOxHy made in different acid.
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Figure 2-16 (b) Zoom in overlapped CVs in cathodic region of Cu UPD (c)
Zoom in overlapped CVs in anodic region of Cu UPD stripping.

The low grazing angle (2°Q) XRD (Rigaku Ultima Ill XRD) characterization
can provide the lattice and crystalline information especially on thin film analysis.
Figure 2-18 shows the XRD patterns of Ru thin film (100 nm, DC sputter
deposition) and RuOyHy thin films which were made by electrochemically
oxidizing Ru in 0.5 M H,SO4 or 0.5 M HCIO, as well as the thin film RuOxHy for
Cu UPD samples. The RuOyHy thin film has less Ru signal compared to Ru only
sample because the formation of the amorphous RuOxHy on the top of Ru
surface blocks the Ru signal from inner part of film stack. The RuOyHy thin film
made in perchloric acid shows less Ru signal than the RuOxHy made in sulfuric
acid even though the capacitance of those RuOyHy surface are similar to each
other. It is interesting to investigate with further study. The nature of RuO,Hy

caused much differences on Cu UPD even with similar capacitance property.
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Figure 2-17 (b) Cu UPD stripping peaks and depositing peaks on RuOxHy
made by different acidic media.
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Figure 2-18 XRD of Ru and RuOyHy made in H,SO4 or HCIO4.

2.7 Effect of Cu UPD on Thermally Treated Ru Oxides

Ruthenium dioxide (RuO,) features a tetragonal rutile structure which is a
promising material due to its exceptional properties such as thermal stability [23,
24], low room temperature electrical resistivity, and excellent diffusion barrier
properties [25-28]. Both RuO; and ruthenium hydrous dioxide (RuOxH,) are
conducting oxides which can be used in DRAM metal-insulator-metal capacitors.
Owing to the requirement of semiconductor fabrication process, the bottom
electrode Ru oxides could be more suitable for crystallization anneal in an
oxidizing ambient such as the atomic layer deposition process using oxidizing
organic precursor.
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From previous study, the Cu UPD was observed on Ru Echem oxide
(RuOyxHy) especially prepared in sulfuric acid. It is important to know what the
RuOxHy will behave after heat treatment at 600°C. Figure 2-19(a) & (b) show the
CVs of Ru and RuOyHy in Cu plating and background solutions, respectively.
Cyclic voltammetric curves were collected from freshly prepared PVD Ru wafer
(black line) and RuOyHy wafer (red line) in a 2 mM CuS04/0.5 M H,SO4 solution.
The potential was scanned from positive end toward negative side then reversed
to positive end.

The RuOyHy was formed by holding Ru wafer at +1.3V (vs. Ag/AgCl) in 0.5 M
H,SO, solution for 60 seconds as discussed in previous section. In Figure 2-19
(a) both anodic and cathodic Cu UPD peaks are present at 0.2V and 0.1V,
respectively. The background CVs demonstrate that the RuOxH, layer was
formed on top of Ru surface owing to the increased capacitance current as
shown in Figure 2-19 (b) red line. The ML surface coverage of Cu UPD was ca.
0.5 ML on Ru surface and was ca. 0.9 ML on RuO4Hy surface. The Ru and
RuOyHy thin films were heat treated in annealing chamber at 600°C for 60
minutes in air ambient. The surface of Ru wafer and RuOyHy changed to
brownish red. After annealing process, both Ru and RuOyHy did not show Cu
UPD peaks. Also, the capacitance current of RuOxHy has reduced to 1/40™ after
annealing as shown in Figure 2-20(b). The CVs of the annealed Ru (green line)
and RuOxHy (blue line) obtained in sulfuric acid background solution were

overlapped in Figure 2-20(a). Figure 2-21 shows charge density vs. potential
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curve in Cu electrochemical deposition. It shows that both the thermally treated
Ru (green line) and RuOxHy (blue line) possessed similar strength of interfacial
binding between Cu and thermally oxidized Ru oxide surface even
electrochemically pre-formed oxide. The absence of Cu UPD illustrates the

interfacial bonding between Cu and the thermal Ru oxide is less than Cu on Ru

and RuO,H,.

554 ()
3.0 —-
2.5

O 2.0 —-

C 1

= 1.5 -

D 4

3 1.0 o

o 1

D 0.5 —

> -

(:,1- 0.0 —

< 4

3 -0.5 —

S o2

> 004 (b) )

0.2-
-0.4-
-0.6- RU
-0.8- —
10, RuOyHy
1.2+

Potential vs. Ag/AgCI

Figure 2-19 (a) CVs collected from a freshly prepared Ru wafer and
electrochemical oxidized Ru (RuOxHy) immersed in a 2 mM CuS0O4/0.5 M
H,SO, solution. (b) Background CVs in 0.5 M H,SO, solution scanning rate 20
mV/s.
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Background CVs in 0.5 M H,SO, solution scanning rate 20 mV/s.
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Figure 2-21 charge density vs. applied potential was collected from Figure 2-
18(a) and Figure 2-19(a) in 2 mM CuSO4/ 0.5 M H,SO, solution.
The Figure 2-22 shows the XRD results of Ru with different treatments.

The black line is DC Ru thin film; the red line is electrochemical oxidized Ru
(RuO4H,); and the blue line is the thermal treated Ru (RuO,). The XRD spectrum
of RuOyHy thin film exhibits the XRD signal of crystalline properties that of Ru thin
film, but the thermally treated Ru oxide shows mostly the rutile structure of RuO,
with only weaker intensity of Ru phase that was present underneath of RuO, over

layer.
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2.8 TEM Characterization of Ru and Ru Oxide Films

In order to explore the differences besides electrochemical
characterizations, cross-sectional TEM images were obtained to determine the
thickness of each layer such as Cu/Ru/Ti/Si, Cu/RuOxH,/Ru/Ti/Si before and after
the thermal treatments. Before obtaining the cross-sectional TEM images, plain
view and selected area diffraction (SAD) pattern of PVD Ru film were obtained to
determine the polycrystalline structure (in Figure 2-23 SAD ring pattern) with the
topography from AFM (in Figure 2-24) which provides the roughness of Ru wafer
(ca. 1.7 nm). The AFM image were obtained as references for later cross-
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sectional TEM to understand whether the interfacial layer of PVD Ru were

damaged by sample preparation or covered with junk.

Figure 2-23 Selected aperture diffraction (SAD) of PVD Ru camera length: 122
mm.

Figure 2-24 Atomic force microscope image of PVD Ru.
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Figure 2-25 Cross section view of ECD Cu on (a) freshly prepared Ru
wafer. (b) electrochemically oxidized PVD Ru wafer (Ru/RuOyHy). (c)
600°C thermal annealed of an electrochemically oxidized Ru wafer
(RUu/RuOyHy).

The cross-sectional TEM in Figure 2-25(a) demonstrates that the
thickness of Ru layer is ca. 120 nm and the grain size is ca. 50-100 nm which is

in agreement with AFM results. In Figure 2-25(b) the thickness of Ru and RuOyH,
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is ca. 120 nm also; in Figure 2-25(c) the thickness of thermal treated RuOxHy is
ca. 120 nm. From the viewpoint of ECD Cu layer on (a) Ru and (c) thermal
annealed of RuOyHy, the wettability of Cu is higher on Ru surface than on
thermal annealed of RuOxHy that results in fewer and discontinued Cu grains on
thermal annealed of RuOxHy, as shown in Figure 2-25(c). The TEM results
support that the interfacial bonding strength is favorable on Ru rather than
thermal Ru oxides. The ECD Cu layer was lost on RuOxHy substrate during the

TEM sample preparation likely due to the soft property of Echem RuOxHy layer.
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Figure 2-26 STEM-EDX atomic profiling of (a) Cu/RuOxHy/Ru/Ti/Si and (b)
Cu/thermal annealed RuOxH,/Ru/Ti/Si.

2.8.1Scanning TEM and Energy Dispersive X-ray Analysis

Figure 2-26 depicts the depth profile of the atomic signals of each layer in
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Cu/RuOxH,/Ru/Ti/Si and Cu/thermal annealed RuOH,/Ru/Ti/Si with respect to

EDX probing position (~1 nm probe size). The probing direction is showed by the
red arrow in STEM image for both Cu/RuOyH,/Ru/Ti/Si and Cu/thermal annealed
RuOyH,/Ru/Ti/Si. The atomic concentration can be calculated from the measured

EDX intensity with an empirical sensitivity factor for each detected element [29].

2.8.2 Select Area Diffraction Pattern Analysis

In order to clarify the crystalline structure of Ru and RuOxHy, high
resolution (HR) TEM results and micro-diffraction pattern were used to calculate
the lattice parameter of Ru grain as shown in figure 2-27(a). The lattice
parameters of hexagonal closed packed (HCP) Ru are found by calculating the d
spacing from Figure 2-27(b) and converting to lattice parameters a; = 0.274 nm
and a. = 0.424 nm, which is comparable with the data base of Ru parameters a,

=0.271 nm and a. = 0.428 nm [30-32].
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Figure 2-28 Images of RuOxH,/Ru/Ti/Si by STEM (a) and TEM (b).
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arrow at STEM image (a).

The Figure 2-28 shows the depth profile of the atomic signals with respect

to EDX probing position followed by the green arrow in STEM image for

RuOxH,/Ru/Ti/Si sample. Figure 2-28(a) and (b) are the images of STEM and

TEM, respectively. The contrasts present in STEM image demonstrate the

difference in mass of the materials. The heavier the material higher the reflected
signal from the sample. Therefore, the Ru layer shows brighter contrast than Ti,
and Si layers. The RuO4Hy layer has darker image compared with underneath Ru
and is likely due to the presence of lighter elements i.e. hydrogen and oxygen in
Ru hydrous dioxide. The layers of thin film were labeled after characterization by
EDX shown in Figure 2-28(c). In Figure 2-29(a) and (b), the images of micro-

diffraction pattern and SAD pattern are collected by focusing on the large grain
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on RuOxHy that is shown in figure 2-28(a) and (b). From the characterization of d
spacings, the calculated lattice parameters do not match with either HCP-Ru or
RuOs; rutile crystalline structure. Only FCC crystalline is the possible choice for
RuOxHy. This large RuOxHy crystal located on the top of Ru surface and the more
than three grains can be found. This is an interesting preliminary finding.
However, more works are need to systematically study the micro-structure of

RuOxHy, phase.
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Figure 2-29 (a) Micro-diffraction pattern of RuOxHy grain (b) SAD pattern of
RuOxH, twin-face crystal.
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2.9 Summary

Since the increase interests of using Ru as direct plateable liner material,
better fundamental understanding of Cu electroplating on Ru various substrates
is important. The effect of growing Ru oxides on Cu electroplating is discussed.
The growth of Ru native oxide upon air exposure does diminish the efficiency of
Cu UPD, ML and bulk plating on Ru surface. Saturated native oxide can be
formed in air-exposed ambient after three hours. Second, electrochemical formed
oxide can be reversible when applied potential is less than 1.10V, but it changes
to irreversible oxide (RuOxHy) when applied potential is greater than 1.20V. The
EQCM provides accurate mass response during Cu electroplating that supports
the ML coverage and the phenomenon of Cu UPD is thermodynamic controlled.
The RuOxHy formed in sulfuric acid electrolyte shows better Cu UPD than nitric
acid or perchloric acid. The TEM result shows that the Ru surface has better
wetibility of Cu electroplating than thermal treated Ru surface. The crystalline of

RuO4Hy still needs more data to confirm whether it is amorphous or crystalline.
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CHAPTER 3
CHARACTERIZATION OF COPPER OXIDES AFTER COPPER

ELECTRODEPOSITION AND SURFACE CLEANING PROCESSES

3.1 Introduction to Cuprous Oxide (Cu,0)

Cuprous oxide is a non-toxic p-type semiconductor material due to the
presence of copper vacancies. In 1926, Cu/Cu,0 rectifier was produced by
Grondahl [1]. Also, the photovoltaic properties of cuprous oxide have been
applied to convert solar radiation into electricity in the early of 20" century [2].
Because of its useful properties, the study of cuprous oxide has been spread out
and the different methods of preparation were discovered such as high-
temperature and low-temperature thermal oxidation, electro-deposition, anodic
oxidation, chemical oxidation and reactive sputtering. In this chapter, the thin film
cuprous oxide was prepared by two methods. One is chemical oxidation by
dipping the copper into high alkaline condition, and the other one is electro-
deposition of cuprous oxide on conductive substrate.

Moreover, the interest on cuprous oxide was increased in semiconductor
industry in the late 20" century due to the implementation of copper
interconnects in the integrated circuit fabrication process. International Business
Machines (IBM), is the first company to find the application of copper as a better

interconnect material and in turn they replaced aluminum with Cu on 1997]3].
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Though Cu was found to be better choice, the IC fabrication process
encountered several challenges during implementation. For example, after the
reactive ion etching of interlayer dielectrics, the post plasma etch cleaning
chemicals affect the copper surface. Also, the native copper oxide exhibits poor
adhesion that generated contact resistance when another conductor is deposited
on the oxide covered copper [4]. Copper can form three different oxidation
states: Cu® metallic copper, Cu' (cuprous oxide, Cu,0), and Cu" (Cupric oxide,
CuO) upon exposure to air. The native oxide film is composed of mixture of
cuprous oxide, cupric oxide, cupric hydroxide: Cu(OH), [4]. This chapter deals
with the characterization of copper oxides by two different techniques viz.
cathodic chronopotentiometry and XPS.

In the dual damascene process sequence, the chemical mechanical
polishing (CMP) is utilized to remove excess of copper that results after
electroplating step. Subsequently, the post-CMP clean is used to remove the
residual organic slurry contamination. Both of the CMP and post-CMP processes
are usually done under alkaline condition [5]. Based on the Figure 3-1, the Cu
Pourbaix diagram shows regions of passivation and corrosion in alkaline
condition. Therefore, it is necessary to study the behavior of cuprous oxide that
formed in alkaline solution. Also, the etching rate of Cu in alkaline condition
becomes critical in IC fabrication. Hence, in order to study Cu, the different Cu
oxides layer need to be prepared. J. A. Switzer et al. have previously reported

the electroplated Cu oxides in alkaline condition [6-8]. Electrochemical deposition
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is an attractive method for plating uniform thin layer on conductive substrates.
The method was applied largely due to its advantages of low cost and high purity.
Also, electrochemical deposition can be controlled easily and precisely using
potentiostat instrumentation [9]. Various types of Cu oxides can be deposited by
electrodeposition method and can be studied to understand their behavior in

CMP related environments.
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Figure 3-1 Pourbaix diagram of Cu — domains of corrosion, immunity and
passivation for copper.
3.2 Experiment
A three electrode system with Ag/AgCI as reference electrode from CHI Inc.

was used for electrochemical studies. Cu and Ru electrodes were used as

working electrodes. Both Cu and Ru electrode were covered with epoxy resin
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and fine polished by 0.5 pm size polishing pad. Platinum foil was used as counter
electrode. All electrochemical experiments were performed using 760 mode
potentiostat from CH Instrument Inc.

Cu electrode was made from Cu rod that was purchased from ESPI with
99.999% purity. Cu native oxide layer was produced by exposing Cu electrode to
air or immersing into 0.1 M NaHCOg; at pH 8.8 for varied periods of time. A
ruthenium electrode (99.995%) was used as working electrode on which a thin
layer of copper layer ca. 100 nm was electrodeposited using 0.05 M CuS0O4/0.5
M H>SO, solution. Ru was chosen as the substrate because of its ability to plate
Cu directly and its potential usage as Cu diffusion barrier in interconnects
fabrication process [10].

The Cu,0 plating solution was prepared by adding 450mL of 5 M NaOH to
90 g of cupric sulfate pentahydrate with 150mL of 85% lactic acid (0.6 M CuSQO4
within lactate pH 9). The pH was adjusted to a final value in the 9-12 range with
adding additional 5 M NaOH [7]. All chemicals were reagent-grade and
purchased from Sigma-Aldrich. The Cu,0O deposition was controlled by
potentiostat in Cu,O plating solution. And then the coated Cu oxide was
characterized by cathodic chronopotentiometry in 0.1 M NaHCOj solution (pH

8.8) with constant current density (0.3mA/cm?).

3.3 Electrochemical Deposition of Copper on Ru Surface

A thin Cu layer ca. 100nm was deposited on Ru electrode by cathodic
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deposition in acidic Cu plating solution (0.05 M CuS04/0.5M H,S0O,). Figure 3-2
shows that the coated copper layer can be reduced by holding at constant
current density (-0.3mA/cm?) in 0.1 M NaHCOs solution. From first curve of
chronopotentiogram (red line) in Figure 3-2, the surface of freshly copper-
deposited on Ru electrode was reduced to metallic copper after 12 seconds
followed by the hydrogen evolution. In the second curve, the blue
chronopotentiogram demonstrates the oxide free surface after electrochemically
reduced the copper surface from the first curve. The reduction current plateau
area (-0.5V to -0.6V) of first curve was disappeared after the complete

electrochemical reduction pre-treatment.
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Figure 3-2 Chronopotentiogram of Cu reduction in 0.1 M NaHCO3 solution.
Red line (1%) for freshly copper-coated Ru electrode and blue line (2" for
reduced copper-coated Ru electrode.
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In order to verify that the surface of copper-coated ruthenium (Cu/Ru)

electrode has the same behavior as copper electrode surface, the Figure 3-3,

shows the overlapped cyclic voltammograms (CVs) of copper and Cu/Ru

electrode in 0.1 M NaHCOs; solution. It was observed that both anodic and

cathodic peaks were similar to each other in copper and Cu/Ru electrode. The

only difference between copper and Cu/Ru is in first cycle of voltammogram

because the electrodeposited copper layer formed a thin oxide film on the top of

Cu surface in acidic plating solution. Therefore, the cathodic peak C(Il) at -0.6V

(vs. Ag/AgCl) was pronounced at the first cycle (red line) rather than -0.5V (vs.

Ag/AgCl) at the second cycle. The oxide layer was also seen in the

chronopotentiogram (red line) in Figure 3-2.

A)

Current / 1e-4A

Potential / V

0.3

Figure 3-3 Cyclic voltammetry of Cu electrode (blue line) and Cu/Ru

electrode (red line) in 0.1 M NaHCOg3 solution.
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3.4 Electrochemical Characterization of Copper Native Oxide

The growth rate of native copper oxide under air exposure was studied by
chronopotentiometry. The air-formed Cu oxide was reduced by applying a
constant current density (-0.3mA/cm?) in 0.1 M NaHCO3 solution. This technique
is called cathodic chronopotentiometry from which the layers of plateau indicate
the different reduction potential of different oxide layers as shown in Figure 3-4
[11-13]. The reduction of cupric oxide takes place at -0.6V (vs. Ag/AgCl) and that
of cuprous oxide at -0.8V (vs. Ag/AgCl). From the chronopotentiogram, the
duration of each plateau demonstrates the amount of charge consumed for Cu
oxide reduction reaction, from which the oxide layer that was formed upon air

exposure can be quantified.
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Figure 3-4 Cathodic chronopotentiogram of reducing Cu oxides in 0.1 M
NaHCOj3 solution with constant cathodic current density (-0.3mA/cm?).
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In Figure 3-5, the chronopotentiogram shows reduction of the copper
native oxide that was formed by exposing to air for different period of time such
as 10 minutes, 90 minutes, 180 minutes and 24 hours. The native copper oxide
formation reaches saturation after exposure to air for two hours. Figure 3-6
shows that the copper oxide layer can reach saturation after 15 minutes
immersion in 0.1 M NaHCO3 solution. Comparing the air-formed oxide with the
oxide formed by immersion in 0.1 M NaHCOg3, the time required to reach oxide
saturation is much faster in liquid than exposure to air. Also, the same reduction
charge was observed for both type of Cu oxide since the same reducing time of
12 seconds needed when applying the constant cathodic current density (-

0.3mA/cm?).

T T T T T
500 1000 1500 2000 2500 3000
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Figure 3-5 Cathodic chronopotentiogram of reducing Cu/Ru electrode in 0.1 M
NaHCOg3 solution and after varying periods of air-exposed time (Insert:
exposure time vs. relative charge).
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Figure 3-6 Cathodic chronopotentiogram of reducing Cu/Ru electrode in 0.1 M
NaHCOj3 solution and after varying immersed time in 0.1 M NaHCOj; solution
(Insert: immersed time vs. relative charge).

The top passivation layer of Cu oxide formed rapidly to prevent from the
further oxidation into Cu bulk. Therefore, the cathodic chronopotentiograms can
provide the valuable reducing charge of Cu oxides to estimate the formation of
each Cu oxide. For instance, the 0 to 6 second is the reduction of CuO and the 6
to 12 second is the reduction of Cu,0O. By calculating reducing charge into the ML
of Cu oxides, the passivation film was covered with 1.4 ML of CuO and 2.8 ML of

CUzo.

3.5 Electrochemical Deposition of Cu(l) Oxide

With the aim of forming only cuprous oxide (Cu,0) layer, it is difficult to find a
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specific potential for constant potential deposition of Cu,0O layer in Cu,O plating
solution (0.6 M CuSO, within lactate pH 9). Therefore, constant current density
deposition was applied to deposit cuprous oxide with a current density value of -
0.03mA/cm?. The interesting phenomenon was shown in Figure 3-7 (blue line),
that the potential started to oscillate after 15 seconds and the oscillation lasted
for 40 seconds and disappeared when the plating solution was stirred as shown
in Figure 3-7 (red line). The oscillating phenomenon was lasting for hours with
higher deposition current density (-0.15mA/cm?) as shown in Figure 3-8. Golden,
Switzer and coworkers first discovered this oscillating phenomenon in 1996 [6].
The constant current deposition in Figure 3-8 shows that the potential oscillations
were lasting for 100 seconds during Cu,O/Cu deposition, and the oscillation
period is a function of the solution pH, temperature, mass transport and solution
concentration and each of spikes in the curve of chronopotentiogram represents
the Cu,O deposition. Switzer et al confirmed the self-assembly Cu,O/Cu layered
nanostructure [6]. The phenomenon of potential oscillation occurred due to the
change of local pH. Cu metal deposition was thermodynamically favored at low
pH condition and more negative potential (Eg. 3-1). Opposing to Cu, the Cu,O
deposition was favored at higher pH condition and more positive potential (Eq. 3-
2). Due to the layered nanocomposites of Cu,O/Cu in oscillation potential
deposition, the layers of Cu inhibited the reduction reaction into inner or deeper
layers of Cu,0. Hence, the underneath of Cu,O can not be reduced to metallic

copper.
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Cu** +2e > Cu (Eq. 3-1)

2Cu?" +2e + 20H > Cu,0 + H,0  (Eq. 3-2)

. Convection
deposition

Non-convection deposition

Potential / V

0 20 40 60 80 100 120

Time / sec

Figure 3-7 Electrodeposition of Cu,O on Ru electrode by applying current
density (-0.03mA/cm?). The Cu,O was deposited under stirring convection
(red line) and deposited without stirring convection (blue line).
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Figure 3-8 Electrodeposition of Cu/Cu,0 in 0.6 M CuSO, within lactate pH
9 solution with constant current density (-0.15mA/cm?) on Ru electrode.
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Figure 3-9 Cathodic chronopotentiogram of Cu reduction with constant
current density (-0.3 mA/cm2).

In order to deposit uniform Cu,O layer, the change of local pH on the Ru
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electrode surface during the Cu,O deposition needs to be carefully controlled.
With the purpose of having a constant local pH, magnetic stirrer bar was used to
create the continue convection in the Cu,O plating solution. As a result, the
oscillation potential phenomenon was removed as shown in Figure 3-7 (red line),
which indicates only Cu,O layer was deposited on the surface. In addition,
cathodic chronopotentiometry showed (red line in Figure 3-9) only one reduction
plateau with a reduction potential exactly at t he Cu,O reduction potential around

-0.8V, which provided strong evidence of Cu,0 layer deposition.

3.6 Removable of Cu,0O in Glacial Acetic Acid

The research group of K. L. Chavez et al reported that copper oxide layer
can be removed without attacking or oxidizing the copper surface by using glacial
acetic acid [4]. Copper has good resistance to corrosion in acetic acid [14].
However, acetic acid will react with Cu oxides to form cupric acetate as in the
following reaction equations.

CuO + 2CH3COOH - Cu(CH3COO0), + H,0 (Eq. 3-3)

Cuz0 + 4CH3COOH - 2Cu(CH3COO0), + H,O + H,  (Eq. 3-4)

This method of etching copper oxide in acetic acid can be applied to verify the
Cu,0 as deposited on Ru electrode. The experiment of constant current
deposition of Cu,O was repeated again under convection condition. The Cu,O
layer was deposited followed by removing oxide layer in glacial acetic acid. The

Ru electrode surface after dissolving the Cu oxide layer, shows no residual Cu
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metal, which was observed under microscope and also the OCP measurement of
Ru electrode in 0.5 M H,SO4 is ca. 0.5V vs. Ag/AgCI suggesting that no Cu metal
layer was present. In a separate experiment, the nanocomposites Cu/Cu,O were
deposited without any solution convection. With acetic acid etching, the
multilayer of Cu/Cu,O can not be removed because the Cu layer has higher
corrosion resistance in acetic acid. Therefore, the Cu top layer inhibits the
etching of Cu,O underneath of Cu. The multilayer of Cu/Cu,O remains as a
visible brownish layer on the top of Ru electrode after acetic acid etching and the
OCP measurement represents the OCP of Cu ca. 0.2V vs. Ag/AgCl on the Ru
electrode. Based on the cathodic chronopotentiogram and glacial acetic acid
etching results, only the Cu,O layer was deposited on the Ru surface by constant

current deposition in convection Cu,O plating solution.

3.7 Electro-capillarity Deposition of Cu and Cu,O

New methods of preparing single micro-particles or micro-pattern has been
developed by physical vapor deposition or electrochemical deposition [15-18].
The technique of electro-capillary deposition was developed by capillary-based
tools filled with the plating electrolyte. Cu or Cu,O micro-pattern can be made by
capillary electrodeposition by making the electrolyte droplet contacting the
substrate as shown in Figure 3-10. One example of different thickness of Cu

electro-capillary deposition is shown in Figure 3-11.
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Figure 3-10 Electrocaplllarlty deposition of Cu and Cu,0 pattern on Au
substrate.

Computer

Figure 3-11 Electrocapillarity deposition of different thickness of Cu dots on Au
substrate.

88



The electro-capillary technique was used to deposit Cu dots. Also, by
guantifying the charge of Cu deposition on each dots and deposition area, the
approximate thickness of Cu dots can be obtained. Whether or not it's Cu,O dot,
was verified by acetic acid etching and constant reduction in 0.1 M NaHCO3; as
shown in Figure 3-12(a,b). Utilizing the methodology of Cu,O deposition with the
electro-capillary technique, the corrosion rate of Cu and Cu,O can be studied in
the same environment in the same time. In Figure 3-13, the corrosion rate of
Cu0 was observed to be much faster than that of Cu in 5 mM gallic acid, the

detailed mechanism of Cu corrosion in gallic acid will be discussed in chapter 5.

Au - / (b) Au

Figure 3-12(a) Corrosion screening of Cu,O dot in acetic acid.
Figure 3-12(b) Reduction of Cu,O dot in 0.1 M NaHCOs.
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Figure 3-13 Corrosion screening of Cu and Cu,O dots in 5 mM gallic acid at
pH 9.
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Figure 3-14 Cathodic chronopotentiograms in 0.1 M NaHCO3: Cu wafer
treated with different cleaning solutions for (10 min).

3.8 Cu Oxide Composition After Cleaning Process

It is important to characterize Cu oxide composition of Cu surface after
different chemical cleaning treatments commonly used in IC fabrication. By
looking into the different potential plateaus obtained from cathodic
chronopotentiometry and their time duration, it allows us to selectively quantify
the Cu(ll) and Cu(l) composition. Figure 3-14 shows Cu wafer samples treated
with cleaning solutions for 10 minutes. The cleaning solutions can be separated
into three categories as shown in table 3-1. (i) Acidic Solution: 100 ml DIW + 1 ml
49% HF (0.49% HF, pH = 1.5) (ii) Alkaline solution: 10 ml 10% KOH + 20 ml 25%
TMAH + 70 ml DIW (pH = 14) (iii) Oxidizing solution: 1 ml 10% KOH + 50 ml 30%
H,0, + 50 ml DIW (pH = 7.8). The Cu(l) oxide was dominated in TMAH treatment
and Cu(ll) oxide was dominated in H,O treatment. The curve of HF is similar to

the Cu control without treatment. It was expected that HF will remove Cu oxides
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layers.

Generic Cleaning Solutions (recipe from Intel)

HF 100 ml DIW + 1 ml 49% HF (0.49% HF, pH = 1.5)

TMAH 10 ml 10% KOH + 20 ml 25% TMAH + 70 ml DIW (pH =
14)

H,O, 1 ml 10% KOH + 50 ml 30% H,O, + 50 ml DIW (pH = 7.8)

Table 3-1 Three types of generic cleaning solutions
Our collaborator from Intel provides us with three different inhibitor-treated
Cu wafers. It is interesting to find out the Cu oxide composition after different

chemical cleaning treatments, Table 3-1.

Slot Short Wafer ID [Treatment

1 70 A100, Alkaline inhibitor A (Cu-A)
2 891 B100, Alkaline inhibitor B (Cu-B)
3 100 C100, Alkaline inhibitor C (Cu-C)
4 218 Control, No treatment (Cu control)

Table 3-2 inhibitor-coated Cu wafers from Intel co.

Figure 3-15 demonstrates the cathodic chronopotentiograms of Cu control
and Cu-inhibitors treated after each solution cleaning process. Based on the
reduction potential in cathodic chronopotentiogram, the quantity of copper oxides
such as Cu(OH),, CuO and Cu,0O can be separated by its duration of reduction
plateau. Figure 3-16 summarizes the data of chronopotentiograms for all of the
treatments by normalizing charge scale on the Y axis. Overall, there are more Cu
(I1) oxide after peroxide treatment, more Cu(l) oxide formation after TMAH
treatment except Cu-B, and the inhibitor and oxide layer were removed by HF
treatment. The Cu-A sample generated thicker Cu(l) oxide and Cu(ll) oxide after

TMAH treatment and H,O, treatment, respectively. Therefore, the A inhibitor had
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less inhibiting ability that can be removed easily by these cleaning treatments.

That is consistent with the Intel's experimental result.

00{ As received . 004 —_CuHF
‘ ——CuAHF
CuB HF
Q- 0 - ——CuCHF
< <
< 2
g - g
8 . o]
2 =i
o c -1
(@) —
o kﬁ —
-1.44 ]
- -1 \i—u——v—i—
'1.6--rrrﬂ-rrrﬂ-rrrn-rrrrrrrrﬂ1-rrn-rrrrrrrrn-rrrrrrrrn1 14
0 5 1015 20 2 30 35 4 4 0 0 5 10 15 20 25 30 35 40 45 50
Time (sec) Time (sec)
0.0+ 0.2
Cu TMAH — CuH202
-0.2- CuA TMAH 0.0 —gg Eggg
B T 02 | — cucH02
o -04- —— CuC TMAH o
< <
< 08 <
2 sl g
© =
& -10- g L
@] @]
o -1.24
124 — 12 \L\&‘
-1.44
-1'/! 1 v T v J v J v | v T v J v T v J v J v 1 L U J J T T J T J J 1
0 10 20 30 40 50 60 70 80 90 100 O 10 20 30 40 50 60 70 80 90 100

Time (sec) Time (sec)

Figure 3-15 Cathodic chronopotentiogram in 0.1M NaHCOg3: Cu Control and
Cu-inhibitors Treated Wafers (a) as received, (b) after HF treatment (c) after
TMAH treatment (d) after H,O, treatment.

Within TMAH treatment, most of the samples cumulated the Cu(l) oxide on
Cu surface that is expected to in high alkaline condition. But the Cu-B sample
has higher corrosion resistance in TMAH treatment than other samples. Hence,

only thin layer of Cu(l) oxide was formed after TMAH treatment.
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Figure 3-16 Cu oxides Composition after Treated with HF, TMAH and H,0,
solution.
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3.9 Characterization of Cu Oxides by X-ray Photoelectron Spectroscopy (XPS)
XPS is a powerful tool to characterize the surface chemistry and its oxidation
state. In this section, the XPS is used to characterize the Cu oxides. According to
national institution of science technology (NIST) data base as shown in Figure 3-
17, the binding energy of Cu(0) and Cu(l) at Cu 2p range are closely similar to
each other. However, owing to the Cu 3d°® — Cu 3d®4s transition, the shake-up
satellite peaks of Cu(ll) 3d® at Cu 2p range allows the distinction between
metallic Cu(0) or Cu(l) and Cu (11).[19] For example, the XPS result of aged Cu
powder in Figure 3-18(a) shows the Cu(0) and Cu(l) at Cu 2p are closely similar
to each other. However, the XPS result of the mixture CuO and Cu powder is
shown in Figure 3-18(b). The shake-up satellite peaks can indicate the present of

Cu(ll) at Cu 2p range.
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Figure 3-17 Cu and Cu0 are hard to distinguish at Cu 2p XPS peak range,
but CuO can be separated from Cu,O and Cu at Cu 2p XPS peak range due
to the satellite peak (peak range was collected from NIST data base).
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Figure 3-18(a) Example of XPS Cu 2p: Cu(0) and Cu(l) mixture from aged Cu

powder.
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Figure 3-18(b) Example of XPS Cu 2p: Cu(ll) from CuO power.

To overcome the problem of characterizing Cu(0) and Cu(l), the X-ray

induced Auger Cu peak L3M45M4 5 can be used to distinguish metallic Cu(0) and

Cu(l), due to the differences in electron relaxation energies in these species
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[20,21]. From the NIST data base as shown in Figure 3-19, the electron
relaxation energies at LMM show more than 1 eV gap between Cu,O and

metallic Cu, which can help to characterize the Cu(l) and C(0).

Cuzormm

Ga
o |

Figure 3-19 Cu,0O and Cu can be distinguished in Auger L3MssMy5 peak range.

The Cu rod with 99.995% purity was freshly polished and aged by
exposure to air for two weeks. The air-aged Cu rod was attached on XPS sample
mount with carbon tape. The small piece of Au film was attached on the top of Cu
rod as reference. From the XPS of Cu 2p range, the surface of Cu rod doesn’t
present the layer of Cu(ll) oxide after two weeks of air exposure, confirmed by
the absence of satellite peaks in Cu 2p range as shown in Figure 3-20(c). After
removing the oxide layer by Ar* ion sputter cleaning for ca. 75A, the peak of O1s
became leveled as shown in Figure 3-20(a) which illustrates the 75A of Cu,O
layer was removed. In summary, oxygen diffused into Cu 75A deep and mainly

formed Cu,0O for two weeks of air exposure under room temperature.
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Figure 3-20(a) XPS survey scan of Cu rod before and after Ar* ion sputtering
for 75A.
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Figure 3-20(b) XPS of O1s enlarged from survey scan of (a) black line, (c)
XPS of Cu rod on 2p range after Ar* sputtering 75 A.
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Also, the XPS was used for characterizing the growth of Cu,O in different
pH condition. In Figure 3-21, it was shown that the Cu pattern present on Ru
substrate can grow the Cu,O passivation layer after immersing in 0.1 M K,SO, at
pH 5 for 90 minutes. The Cu,O layer also grew in high alkaline condition (0.5 M
KOH) for 90 minutes as shown in Figure 3-22. From the depth profiling data, the
thickness of the Cu,O layer was about 20 nm. However, the Cu,O grew slowly

when the pH was ca. 6-12 at room temperature.
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Figure 3-21 XPS auger L3sM4sM4s peaks of (a) Cu pattern as deposited black
line (b) Cu(l) oxide dominated dots after treated in 0.1 M K,SO4 at pH 5 (red
line).
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Figure 3-22: XPS auger LsM4sMys peaks of progressing Ar* sputtering (0, 1,
12, and 20 nm) on Cu(l) oxide microdots. (a) freshly prepared Cu pattern (b)
Cu(l) oxide dominated dots after treated in 0.5 M KOH.
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Figure 3-23: Cathodic chronopotentiogram of reducing Cu,O film that was
made by immersing in 0.5 M KOH for 36 hours

Potential vs.Ag/AgCl

The electrochemical characterization of the Cu,O film prepared by
immersing in 0.5 M KOH was shown in Figure 3-23. The cathodic
chronopotentiogram illustrates that the Cu,O film was dominated in high alkaline
condition (0.5 M KOH). Therefore, the XPS and electrochemical characterization

results are consistent in identifying Cu,O formation.

3.10 Electrochemical Characterization of Cu Corrosion Inhibitor (BTA)
3.10.1 Tafel Plots and Cyclic Polarization Curves of Cu

By the cross extrapolation of cathodic and anodic current branches from
Tafel plot curve, the corrosion current (lcorr) @and corrosion potential (Ecorr) can be
estimated. The anodic branch refers to the oxidation polarization; the cathodic

branch refers to the reduction polarization. Moreover, the cyclic polarization curve
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as shown in Figure 3-24(b) is plotted by potentiodynamic scan (X-axis) vs. the
log value of absolute current density (Y axis) obtained from CV in Figure 3-24(a).
In other words, the cyclic polarization is the Tafel plot with reverse scan or log
function of absolute current in cyclic voltammegram. By utilizing the cyclic
polarization scan, the corrosion behavior can be understood. Also, the cyclic
polarization diagram can study the effect of corrosion inhibitor on protecting
substrate from corrosion in the environment that is concerned.
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Figure 3-24 (a) LSV of Cu electrode in 0.1 M HCI (b) Tafel plots of Cu
electrode in 0.1 M HCI.

-0.8

Figure 3-24 (a) shows the cyclic voltammegram of Cu electrode in 0.1 M HCI
and its corresponding cyclic polarization scan as shown in Figure 3-24 (b). There

are several additional quantities appear in cyclic polarization [22] scan such as
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the primary passivation potential (Eyp) and repassivation potential (E,,) as shown
in Figure 3-24 (b). In general, the corrosion will keep going when the OCP is
greater than E,p, and will stop when OCP is less than E, [23]. In Figure 3-24, the
Cu electrode was started to dissolve in HCI solution from -0.57V to -0.45V (vs.
Hg/Hg.SO,) and then electrochemically oxidized to Cu(l) oxide and Cu(ll) oxide
after more positive potentials of -0.45V and -0.2V, respectively. Thus, the
corrosion rate slowed down because the E,, of Cu(ll) was greater than OCP of

Cu (-0.55V vs. Hg/Hg>SOy).

0.1 MHCI

0.1 M HCI with 10 mM BTA

S

Log(current density)
+
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Ecor v v v Eb
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Figure 3-25 Tafel plots of Cu electrode in 0.1 M HCI (red)/10 mM BTA (black).

In Figure 3-25, the anodic branches of Tafel plots illustrates the effect of
corrosion inhibitor (BTA, benzotriazole) on Cu corrosion in 0.1 M HCI. Without
adding BTA, the anodic branch is much higher than cathodic branch, which
demonstrates the corrosion occurred spontaneously. The reference of electrode
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satd. Hg/Hg,SO, is at 0.64V corresponding to the SHE. Also, from the point view
of Pourbaix diagram in Figure 3-25, there is no passivation layer in 0.1 M HCI
(pH = 1) between Cu and dissolved Cu?* comparing with alkaline condition. With
additional 10 mM BTA, the corrosion current, leor: 21.72puAmp/cm? decreased to
leorr: 9.77uAmp/cm?. The Eyp, and Ey, are well defined in the anodic branch as
shown in Figure 3-25 (black line). The Ej,, is a breakdown potential which is
defined as the potential where the first corrosion current increase after Ep. Ep
represents the breakdown potential of the passivation film. The passive region is
the portion of the curve between E,, and E,. The passive region depicts that a
thin protective film forms on the top surface to prevent from further corrosion or
slow down the corrosion rate. Hence, the passive region on Cu was observed for
BTA solution. A thin layer of absorbed BTA on Cu electrode behaves as a
protective film to inhibit the corrosion of Cu.

Cu electroplating is usually carried out in acidic electrolyte. For example,
the Cu interconnects was electrodeposited in HCI solutions. However, the CMP
and post CMP processes is usually performed under alkaline condition where the
corrosion inhibitors are added to protect the Cu interconnects. Therefore, it is

important to understand the corrosion behavior of Cu in alkaline conditions.
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Figure 3-26 Pourbaix diagram of Cu — Domains of corrosion, immunity and
passivation for copper.

Figure 3-27 shows the LSVs and Tafel plots of Cu electrode in alkaline
solution. The pH value of 0.1 M KOH and 0.1 M NH4OH is pH 13 and pH 11.4,
respectively. The Cu surface formed protective thin film at alkaline condition base
on the pourbaix diagram (Figure 3-26). Therefore, without adding any inhibitor,
the passive region between E,, and E, can be found on anodic branch in both
KOH (red line) and NH4OH (black line) solution. The width of passive region as
shown in 3-27(b) is used to identify protective film, which means the longer in
0.1M KOH (-0.58V to -0.45V) is better than in 0.1M NH4OH (-0.6V to -0.57V).
Also, base on Pourbaix diagram, the higher alkalinity of 0.1M KOH (pH 13)
should form passive film at lower potential than 0.1M NH,OH (pH 11.4). However,
the potential of passive region of Cu in NH,OH is lower than in KOH because the

protective film with Cu(l) formed will be dissolved by forming complex with
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ammonia ligands.
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Figure 3-27 (a) LSVs of Cu electrode in 0.1 M KOH (black) and 0.1 M NH,OH
(red). (b) Tafel plots of Cu electrode in 0.1 M KOH (black) 0.1 M NH4OH (red).

The effect of BTA on inhibition of Cu corrosion in 0.1 M NH4OH is shown in
Figure 3-28. The corrosion current of Cu, l¢or Was decreased ca. 20 times with
containing 10 mM of BTA. Also, the corrosion potential of Cu E.qr was shifted to
higher range even higher than 0.1 M KOH as shown in Figure 3-27 (b), which is
supposed to be base on Pourbaiz diagram. Therefore, the BTA absorbed Cu

surface as a protective film makes Cu less active in NH,OH ambient.
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Figure 3-28 (a) LSVs of Cu electrode in 0.1 M NH4OH (black)/10 mM BTA
(red) (b) Tafel plots of Cu electrode in 0.1 M NH,OH (black)/210 mM BTA (red).

3.10.2 Cyclic Voltammegrams of Cu

Besides Tafel plots and cyclic polarization curves, the cyclic
voltammograms was also used to characterize the BTA inhibition. Figure 3-29
demonstrates the effect of BTA on Cu surface. As mentioned before (Figure 3-3)
oxidation peak of Cu/Cu(l) on anodic curve at -0.15V. With 10 mM BTA, the both
oxidation peaks of Cu/Cu(l) and Cu(l)/Cu(ll) were decreased. Especially the

oxidation peak of Cu/Cu(l) was leveled in the portion of anodic curve.
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Figure 3-29 CVs of Cu electrode in 0.1 M KOH (black line)/ 20 ppm BTA (red
line).

0.8+ Cu(l)/Cu(l)
0.64 Cu/Cu(l)

0.4+ BTA pre-absorbed
0.2- -

0.0- /
0.4-
0.6-

-0.8-
-1.04

Current density mA/cm?

10 08 06 -04 -02 00 02 04
Potential vs. Ag/AgCl

Figure 3-30 CVs of Cu electrode in 0.1 M KOH/20 ppm BTA (black line) and in
BTA pre-absorbed Cu in 0.1 M KOH without BTA (red line).
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The BTA pre-absorbed Cu electrode (BTA-Cu) was prepared by dipping in
20 ppm BTA/0.1 M KOH for 100 seconds and then rinsed by DI wafer. The CV of
BTA-Cu in 0.1M KOH was shown in Figure 3-30 (red line). The black line is the
CV of Cu electrode in 20 ppm BTA/0.1M KOH. The absent of oxidation peak of
Cu/Cu(l) remained on BTA-Cu electrode even after continue 10 cyclic scans from
-0.1V to -0.8V. But, the BTA protective film was removed after scanning toward
more positive potential at 0.2V as shown in Figure 3-31 (CV with blue line) and
then the second CV shows the oxidation peak of Cu(l)/Cu(ll). Sequentially, the
CV with green line shows the oxidation peaks of Cu/Cu(l). Hence, the breakdown

potential (Ep) of BTA-Cu passivation film should be lower than 0.2V.
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Figure 3-31 CV of pre-absorbed in 20 ppm BTA/0.1 M KOH Cu electrode in
0.1 M KOH without BTA.
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In Figure 3-31, comparing the CV of BTA-Cu (red) with the CV of Cu
(green), the reduction peak of Cu(l)/Cu is more pronounced on Cu than BTA-Cu
surface. Hence, there is a limited protection of pre-absorbed BTA especially on
high end of oxidizing potential which means the that BTA can protect Cu by
absorbing on Cu or forming protective film with Cu(l) but not with Cu(ll).
Therefore, the reduction of Cu surface can not get rid of the BTA-Cu protective

film.

3.11 Summary

In this chapter, the Cu oxides were characterized by XPS and
chronopotentiometry. Moreover, this chapter represents two methodologies of
making the cuprous oxide film. One is electrochemical deposition, the other one
is treated in high alkaline condition. Both of the methods can make cuprous oxide
pattern, which creates a useful platform for further study of corrosion rate in IC
fabrication during CMP environments or photovoltaic properties in solar cell
design. In addition, the cyclic voltammetry and cyclic polarization scan can
characterize the corrosion behavior of metals. This chapter provides the example
of Cu metal and corrosion inhibitor, BTA. Further corrosion inhibition study will be

covered in part Il.
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PART Il
INVESTIGATION OF BIMETALLIC CORROSION OF COPPER IN CMP
RELATED ENVIRONMENTS
CHAPTER 4
STUDY OF BIMETALLIC CORROSION RELATED COPPER INTERCONTECTS
USING MICROPATTERN CORROSION SCREENING METHOD AND TAFEL

PLOTS?

4.1 Introduction

In modern microelectronic applications, copper has replaced aluminum as
the metal of choice for interconnects because of its higher electrical conductivity
[1,2]. Due to the lack of volatile byproducts in the reactive ion etching of Cu, the
Cu interconnects are fabricated by a damascene patterning process shown in
Figure 4-1. The process involves etching a trench/via pattern into a dielectric, the
blanket deposition of a diffusion barrier followed by Cu electroplating, and finally
removal of Cu overburden by chemical-mechanical planarization (CMP) [3-6].
Since the CMP process exposes the Cu interconnect and metal barrier to the

continual presence of corrosive chemicals, the resulting bimetallic corrosion can

'Results presented in this chapter have been published in J. of Appl. Electrochem. Kyle et al.,
2010. 40: 143-149. Used with permission from the Springer Science+Business Media B.V.
“Results presented in this chapter have been published in ECS Transactions. Kyle et al., 2010.
35(8): 173. Used with permission from the Electrochemical Society.
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be detrimental to the overall production yields of integrated circuit devices.

As microelectronic circuits move toward sub 45 nm domains, continued
shrinkage of device dimensions makes corrosion related reliability threats even
more acute. In addition, ruthenium (Ru) and other noble metals have been
actively investigated for use as new diffusion barrier materials for Cu
interconnects [7-11]. The increased noble character of diffusion barriers like Ru
can further intensify the Cu galvanic corrosion in CMP chemical environments.
Therefore, there is a need for an effective methodology to evaluate bimetallic

corrosion of Cu interconnects when exposed to CMP and post CMP cleaning

conditions.
Etch / Clean & Etching Barrier
Stops > > >
Trench pattern Seed Dep.
Diffusion Barrier _
Organic residues Corrosion
concerns \
-
Post CMP
CuECD Cu CMP

— —

Figure 4-1 Damascene patterning process.

In this chapter, we report a novel Micropattern Corrosion Testing technique

114



combined with electrochemistry to allow rapid bimetallic Cu corrosion screening
in various chemical environments. Two bimetallic interfaces were investigated
using a Cu micro dots pattern (d = 130 pum) sputter-deposited on Ta and Ru metal
substrates. The Cu/Ta and Cu/Ru micropatterns were immersed in CMP relevant
acid and base solutions (H2SO., tartaric, lactic, NH;OH and KOH) and their
corrosion behaviors were studied in situ under continuous optical microscopic
imaging. Corrosion potentials and currents measured by Tafel plots technique
complement well with micropattern corrosion testing results to demonstrate an

enhanced Cu corrosion in Cu/Ru bimetallic contacts when comparing to Cu/Ta.

4.2 Experimental
4.2.1 Micropattern Corrosion Screening

Micropattern Corrosion Study- Circular micropatterns of Cu (ca. 50, and 80
nm thick, 130 um in diameter) were deposited on selected substrates through a
contact mask using a standard DC magnetron sputter (Desktop Pro, Denton
Vacuum). Figure 4-2 depicts the fabrication sequence of the corrosion screening
micropattern. The Ru (90nm) and Ta (180 nm) barrier metal substrates were
sputter-deposited on a silicon substrate pre-cleaned by standard organic clean
and HF etch [12]. The visual investigation of in-situ corrosion processes was
carried out using a metallurgical microscope (Nikon, Eclipse ME600) by
immersing Cu micropattern structures in testing solutions. This visual inspection

approach requires an optical clear solution being used. The solutions of K,SOy,
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tartaric acid, lactic acid, NH;OH (0.10 M, Aldrich) were prepared with 18.2 MQ
purified water and pH of the solutions was adjusted from 2 to 11.4 with H,SO,
and KOH. After submerging in testing solution, the time-lapsed images of the Cu
micropattern were recorded by a computer-controlled digital camera connected

to microscope.

4.2.2 Tafel Plots, Galvanic Current Measurement and XPS

Tafel plots — A potentiostat (CH Instruments, USA) was employed to acquire
the open circuit potentials and Tafel plots. Both sputtered Cu, Ta, Ru metal
substrates and solid metal shots were used as electrodes for all electrochemical
data. The metal electrodes (d = 5mm) were polished down to 0.5 micron mirror
polishing and sonicated in 18.2 MQ de-ionized water. Three-electrode system
with Pt counter and Hg/Hg,SO, reference electrodes were employed in a glass
cell to obtain Tafel plots data (IV curves) in corresponding solutions used in
micropattern corrosion screening. The galvanic current flow is measured using
the source meter (Keithley, 2400 source meter). Electrolytes include 0.1 M
ammonium hydroxide, potassium sulfate, and others as mentioned. The x-ray
photoelectron spectroscopy (XPS) (Phi 5000 VersaProbe, with an Al K, 58.7 eV

excitation source) provided surface chemical composition information.
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Figure 4-2 Micropattern corrosion screening structure.

4.2.3 High Resolution 3-D Optical Scanning

Optical profilometry allows rapid and accurate three dimensional
measurements of microscopic features. Following chemical exposure and
galvanic etching, the exact volume change of the metal dots is analyzed using a
Zygo NewView 7000 series optical profiler. Wafer coupons are imaged with a
2.5x objective using a 2x zoom as well as with the 10x objective. The resulting
images are then processed to exclude the background and partial dots allowing
for a volume per dot measurement. Volume changes that were not visible via
standard optical microscope become evident, which allows for collection of
precise etch rate data. By applying this technique to determine bimetallic
corrosion, large numbers of formulation components in varied combinations may

be screened quickly for development of cutting edge wet cleans products.

4.3 Chemical Speciation and Effect of Bimetallic Contact
The specific chemical speciation in the solution has a direct impact on the

bimetallic Cu corrosion process. Figure 4-3 shows the time lapsed image of Cu
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micropatterns deposited on Ru substrate (denoted as Cu/Ru) immersed in four
different testing solutions at pH=11.4. The Cu/Ru micropattern screening results
indicate that the alkaline NH,OH induced the fastest Cu corrosion compared with
the other three solutions. The time required to completely erode 130 um Cu
microdots can be used as a useful gauge for the relative corrosion trend. Thus,
the corrosion rate can be estimated as inversely proportional to the measured
corrosion time (tcorr) from micropattern corrosion screening. The typical measured
corrosion time has ca. 7 % error possibly caused by the slight variation of stress
and size of sputtered deposited micropatterns. The relative Cu corrosion rate of
Cu/Ru micropattern in four testing solutions follows NH,OH (33 min) > lactate
(113 min) > tartrate (249 min) > KOH/ K,SO, (passivated) at pH=11.4. The initial
oxidation of Cu metal tends to form different oxidized surface films, Cu,O/CuO
/Cu(OH), (hydrous oxide ) at neutral to high pH [13, 14]. The surface oxide film
will act as a barrier between Cu and the corrosive medium to slow further
corrosion of underlying Cu. The Cu/Ru micropattern screening confirms the
passivation of Cu/Ru microdots immersed in K;SO4,/KOH of pH=11.4, ref. Figure
4-3. Ammonium hydroxide (NH4OH) is commonly used as a basic buffer and
complexing agent in the Cu CMP solution. When exposed to a strong complexing
ligand like NH3, the Cu surface oxide barrier dissolves readily by forming
Cu(NHs)," (formation constant K; = 7.24 x 10'°) and the Cu microdots eroded in
33 min [15]. Accordingly, Cu microdots were found to corrode more slowly in

solutions containing lactate and tartrate ions with weaker Cu complexing ability
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(Ks ~ 10°®) [15].
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Figure 4-3 Time-lapsed optical images of Cu corrosion screening
micropatterns submerged in NH,OH, lactic acid, tartaric acid and
K2SO4/KOH solutions at pH 11.4. Cu micropatterns were deposited on
Ru substrate.
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Figure 4-4 Time-lapsed optical images of Cu micropatterns deposited on
Ru, Ta and glass substrates, the micropattern corrosion screening was
done in NH4OH solution, pH 11.4.
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In addition to solution environment, the nature of bimetallic contact can
also affect the rate of Cu corrosion. Figure 4-4 shows the time-lapsed images of
Cu micropatterns on three different substrates including Ta, Ru and glass
submerged in the alkaline NH,OH (0.10 M, pH=11.4). Ta is currently used as part
of the liner/diffusion barrier for Cu interconnects in integrated circuit devices [16,
17]. Ru is a new promising liner/barrier metal candidate that allows direct Cu
plating to streamline the fabrication process [8,9]. Glass was chosen as a non-
conductive dielectric substrate. As shown in Figure 4-4, Cu microdots on Ta
substrate require nearly double the amount of time as compared to Cu/Ru to
corrode completely in NH;OH pH=11.4 solution. Based on the micropattern
screening, the Cu corrosion trend follows Cu/Ru (33 min) > Cu/Glass (63 min) >
Cu/Ta (72 min). Similarly, the Cu corrosion rate obtained from Cu/Ru
micropattern was found to increase by 4-5 times compared to Cu/Ta in lactate
and tartrate pH=11.4 solutions.

Tantalum has a strong tendency to be oxidized and form tantalum oxide
(Ta,0s) especially when exposed to agueous medium, Eq. 4-1.

2Ta + 5H,0 = Ta,05 + 10H" + 10e” (Eq. 4-1)
The thermodynamically favorable Ta oxidation reaction donates electrons through
the Cu/Ta bimetallic contact placing Cu microdots under cathodic protection. In
contrast, Ru is nobler than Cu. This inherent nobility of Ru facilitates more Cu
oxidation via the galvanic Cu/Ru contact. For all the chemical systems studied in

this work, micropattern screening consistently shows enhanced Cu corrosion with
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Ru contact. It is interesting to note that Cu microdots deposited on a glass
substrate, meant to represent a Cu-only corrosion case, exhibits a corrosion rate

between Cu/Ru and Cu/Ta as expected, Figure 4-4.

4.4 Tafel plots

To explore the trend of galvanic corrosion by electrochemistry, Tafel plots
were recorded for all four solutions from pH 2 to pH 11.4. Figure 4-5 depicts
typical Tafel plots of Cu, Ta, and Ru metal in NH,OH pH 9 solution. As shown in
Figure 4-5, the corrosion potentials mostly follow a general trend of Ecor, ru> Ecorr,

cu> Ecorr, 1a Which correlates well with the expected metal nobility trend.
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Figure 4-5 Tafel plots of Ru, Cu and Ta measured in NH,OH solution at pH
9. Corrosion potential (Ecorr) @and corrosion current (lcorr) can be obtained
from each Tafel plot.
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Several approaches are commonly employed to provide quantitative
measurements of metal corrosion rates [18]. The methods of recording weight-
loss and thickness-loss over time are regarded by corrosion engineers to be the
“real” corrosion testing. However, this method is a long-term process not suitable
for rapid corrosion screening. Tafel plots provide an alternative electrochemical
approach that has the advantage of speed and relative simplicity. The rate of
corrosion can theoretically be calculated from the corrosion current which
obtained from the intersection of two slopes of cathodic and anodic Tafel plots, as
illustrated in Figure 4-5. The disadvantage is that corrosion rate by Tafel plots is
acquired from a fresh electrode/solution and the corrosion studied is limited to
the short-term only. Actual corrosion situations are often more complex and with
time the metal surface may become partly covered with oxide or other coatings
that affect the corrosion rate. Furthermore, Tafel plots based on a single metal
electrode cannot be directly applied to study specific bimetallic corrosion that

simultaneously involves two overlaying metals.
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Figure 4-6 Corrosion potentials (Ecor) Obtained from Tafel plots of Ru, Cu

and Ta were plotted vs. solution pH.
4.5 Advantages of Micropattern Screening Method

As demonstrated above, the new micropattern corrosion screening method is

better suited for the study of bimetallic corrosion. Different combinations of
metals can easily be fabricated into corrosion screening micropatterns as shown
in Figure 4-2. The micrometer dimension of micropatterns was designed for
optical microscope observation. In addition, the thickness of Cu microdots can be
adjusted to study a wide dynamic range of corrosion rates within a reasonable

experimental time frame, Figure 4-7. The micropattern screening not only
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provides semi-quantitative trend of relative corrosion rate, but also affords a
direct visual inspection of actual corrosion processes in real time. The direct
imaging of the micropattern is useful in identifying different metastable surface
transformations involved in the corrosion process. For instance, Figure 4-8
shows that Cu corrosion on Cu/Ru micropatterns can exhibit distinctly different
surface transformations in K,SO4 as compared to tartaric acid at the same pH =
5. The visual identification serves as an effective pointer to different metastable
surface states that await further surface characterization to gain more insight into
the corrosion process. Figure 4-9 shows that the subsequent XPS surface
analysis reveals the dark brown/blue coating on Cu microdots after being
immersed in K;SO, is mainly Cu(l) oxide. According to Yin et al.[19] shake-up
satellites in the Cu(ll) 3d° species arise owing to the Cu 3d® — Cu 3d®4s*
transition. Therefore, the analysis of the Cu 2p peak by XPS allows the distinction
between Cu(0) or Cu(l) and Cu(ll) species to be made. The Cu 2p spectrum of
Cu(l) compounds is closely similar to that from metallic copper Cu(0) in terms of
binding energy (BE), line width, and absence of satellites. To overcome the
problem of characterization, the X-ray induced Auger Cu peak L3M4sM4 5 can be
used to distinguish lines for metallic Cu(0) and Cu(l), due to the differences in
electron relaxation energies in these species. [20,21] In comparison, Cu
microdots maintain their metallic color and XPS confirms a relatively thin Cu(l)
oxide surface layer on Cu microdots after being immersed in tartaric acid at

pH=5.
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Figure 4-7 Corrosion time (tcorr) VS. the thickness of Cu microdot obtained
from Cu/Ru micropattern corrosion screening in NH,OH solution, pH 11.4.
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Figure 4-8 Micropattern corrosion screening reveals specific chemicals can
cause distinctly different surface layers on Cu microdot
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Figure 4-9 The Cu LMM auger spectroscopic analyses show Cu surface
layers after immersed in K,SO4 (pH 5) are mainly Cu**, but remain Cu® in
tartaric acid (pH 5). XPS Cu 2p (inset) can't differentiate Cu** and Cu°.

4.6 Micropattern Screening Method Versus Tafel Plots

To compare electrochemical and micropattern approaches, the lcor cu
obtained from Tafel plots and corresponding tcor from Cu/Ru micropattern
screening were plotted in the pH ranging from 2 to 11.4 for three testing
solutions. As shown in Figure 4-10, both approaches consistently indicate that
the Cu corrosion rate decreases when solution pH increases from 2 to 5. In this
acidic region, proton reduction (Eg. 4-2) will be the main cathodic reaction to
sustain the continual Cu oxidation.

2H +2e = H; (Eq. 4-2)

Increasing alkalinity slows the proton reduction half reaction and the overall Cu
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corrosion rate as well. Thus, the observed decreases in lcor, cy COrrelate well with
increasing teorr Obtained from Cu/Ru micropattern screening when the solution
alkalinity is raised to pH = 5. It is important to note that separate Cu/Ta
micropattern screening experiments reveal all Cu microdots on Ta substrate
remain intact even after 10 hours submersion in tartaric acid and K,SO, solutions
in all pH tested. The results demonstrated that the new micropattern screening is
more capable of detecting the effective cathodic protection of Cu microdots by
Cu/Ta bimetallic contact. In comparison, I, cu measured by Tafel plots is based
solely on one Cu metal electrode and does not account for the bimetallic factor of

Cu/Ru vs. Cu/Ta.
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Figure 4-10 (a) Corrosion current (lcorr, cy) Obtained from Cu Tafel plots and
(b) corresponding corrosion time (tcorr) from Cu/Ru micropattern corrosion
screening were plotted in the pH ranging from 2 to 11.4 for NH,OH, tartaric
acid and K;SO, solutions.

For solutions tested in neutral and alkaline conditions (7 < pH < 11.4), Tafel
plots (Figure 4-10a) show a general trend of a low corrosion current plateau near
neutral pH and high corrosion activities at higher pH of 9 to 11.4. In NH,OH
solution, the Cu/Ru micropattern results (tcor) reflect the similar corrosion trend
measured by Cu Tafel plots except the micropattern screening further reveals

that a passivation region exists for Cu microdots at the neutral pH, Figure 4-10b.

In neutral pH agueous medium, Cu favors the formation of stable surface oxides,
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mainly Cu,O. The Cu passivation is easily observable by the Cu/Ru micropattern
corrosion study. As the solution alkalinity increases to pH > 9, more NHs is
available to form soluble complexes with Cu ions and the erosion rate of Cu
microdots increased. The micropattern screening results is consistent with the
common pH ranges (9-12) utilized in the basic CMP formulation for Cu
interconnect [22].

However, the Cu corrosion trend measured by Tafel plots significantly differs
from the Cu/Ru micropattern screening result in two other solutions, Figure 4-
10a&b. For example, in the K,SO4 solution of pH >5, the Cu/Ru micropattern
screening indicates Cu microdots were passivated while Tafel plot data shows
leorr. cu iS Varying between 3-8 pA/cm?. For tartaric acid solution of pH > 5, Tafel
plot data predict a gradual increase of Cu corrosion rate with solution alkalinity.
But, the actual Cu corrosion process observed by Cu/Ru micropattern screening
reveals a decreasing Cu corrosion rate with increasing solution pH in tartaric acid
solution. The diversion could be the result of dynamic chemical balance between
the surface oxide formation (Eq. 4-3) and oxide dissolution by complex formation

(Eq. 4-4).
2Cu + 20H = Cu,0 + H,0 + 2¢ (Eq. 4-3)
Cu,0 + 4 tartrate® + ¥ O,+ 2H,0 = 2 Cu(tartrate),”+ 40H" (Eq. 4-4)

Unlike NH3 which is a strong Cu complexing ligand, tartrate ions form weaker

complexes with Cu ions [Cu(tartrate),” K: = 3.23x 10° ] and are less effective in
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removing the oxidized surface layer from Cu microdots. The Cu/Ru micropattern
screening shows that observed tc,, increases with increasing alkalinity (7 < pH
<11.4) of tartaric acid solution, Figure 4-10b. The trend could be accounted for as
the increasing stability of Cu,O gradually retards the oxide removal process by
complex formation with tartrate ions. For the same reason, SO,* ions have no
complexing ability with Cu ions and Cu microdots were found to be passivated as

expected with surface oxides when immersed in K,SO, solutions of pH > 5.

4.7 Cu corrosion inhibitor-benzotriazole

Benzotriazole (CsHsN3, BTA) is a Cu corrosion inhibitor most commonly used
in Cu CMP solution formulations [23,24]. During CMP, BTA protects the recessed
Cu lines from chemical erosion while the mechanical polishing removes Cu
overburden to achieve the overall planarization across the whole wafer. The
desirable Cu corrosion inhibition was made possible by a strong chemical
reaction of BTA to Cu(+1) surface layer on Cu interconnects [25,26]. However, it
is highly desirable that BTA addition be kept as low as possible because the
strongly surface bonded Cu-BTA layer often becomes the source of organic
contamination that can affect the conductivity and interlayer adhesion of
subsequent Cu interconnects. The micropattern screening method can be used
to identify the minimum BTA inhibitor concentration required for a particular
chemical environment. For example, Figure 4-11 shows the effect of [BTA]

concentration on the Cu corrosion time based on Cu/Ru micropattern screening
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in NH4OH solution pH = 11.4. With addition of 2.5 ppm BTA, the Cu corrosion
rate of Cu/Ru micropattern was decreased by nearly 10 times. The Cu corrosion
rate can be slowed down further over 50 times if 7.5 ppm BTA was added into
NH4OH solution (pH = 11.4). As depicted in the Figure 4-11 inset, more BTA (~ 30
ppm) is need to achieve the same Cu corrosion inhibition on Cu/Ru micropattern
if submerged in a more corrosive NH;,OH solution at pH 10. This example
demonstrates how micropattern screening is helpful to identify the minimum
threshold concentration of Cu inhibitor BTA needed in specific solution

environments and bimetallic contacts.
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Figure 4-11 Effect of corrosion inhibitor, benzotriazole (BTA), on the
corrosion time (tcorr). measured by Cu/Ru micropattern in NH,OH solution,
pH 10 and 11.4.

131



4.8 Discover New Cu Corrosion Inhibitors Using Micropattern Screening
The micropattern corrosion screening method is well suited for discovering

new potential Cu corrosion inhibitors in post CMP cleaning formulations. The
bimetallic contacts (Cu/Ta, Cu/TaN, Cu/Ru, Cu/W, etc) are fabricated using
through-mask sputtering deposition. More importantly, the rapid micropattern
screening capability permits efficient investigation of Cu corrosion under different
chemical influences including pH, corrosion inhibitors, solvent, complexing
agents, ambient conditions etc. to enable rapid development and verification of
new cleaning solution formulation.

Figure 4-12 show the corrosion rates (A/min) of Cu microdots deposited on
Ru and Ta substrates submerged in a post CMP cleaning solution without a Cu
corrosion inhibitor. The results indicate that higher solution alkalinity tends to
promote Cu corrosion and enhanced galvanic for Cu/Ru contacts in all solutions
tested. As device structures scale down to sub 22 nm, the Cu loss due to post-
CMP cleaning is required to be less than ~1 A/min to minimize Cu lost and
undesirable critical dimension change. As shown in Figure 4-12, there is a clear

need to use a corrosion inhibitor to minimize the Cu corrosion rate.
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Figure 4-12 Corrosion rate of Cu/Ru and Cu/Ta system in Post-CMP cleaning
solution baseline (no inhibitor) with varied pH (diluted by DI water).

To date 15 potential corrosion inhibitor candidates at 10 mM concentration in
post CMP cleaner base solution (pH = 11.8) have been screened using the
Cu/Ru bimetallic system. This base solution has a background Cu corrosion rate
is 12.5 A/min. As shown in Figure 4-13, micropattern screening successfully
identified 9 compounds that can reduce the Cu corrosion rate below the
background corrosion rate. In particular, five compounds (A-E) exhibit excellent
Cu corrosion inhibition with overall corrosion rate < 1 A/min as estimated via top
down optical microscopy. The set up of direct galvanic current measurement
showed in Figure 4-14. The direct galvanic current measurement of inhibitor A
showed Cu corrosion current was reduced from an initial 6 A /cm? to nearly zero
after 10 minutes. No significant Cu corrosion was observed, based on
micropattern images, even after three days submersion in the post CMP solution

with 10 mM inhibitor A, insert Figure 4-15.
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Figure 4-15 Direct galvanic current measurement of Cu/Ru galvanic
contact in cleaning solution with and without inhibitor A (10 mM) Insert:
Cu micropattern on Ru (a) before and (b) after soaked in post-cleaning
solution with inhibitor A for 3 days.

In the advanced microelectronic fabrication, the single-wafer processing has
gradually replaced the batch-wafer operation. However, single-wafer operation
requires significant decrease in allowable process time in order to achieve the
overall production rate. Therefore, it is important to determine the early activation
process of Cu corrosion inhibition within a few minutes timeline. As shown in
Figure 4-16, the optical profiler was utilized to scan high resolution 3D images of
Cu microdots that provide thickness and volume information at the early inhibition
period. For instance, the optical profiles for Cu microdots soaked with various
duration in post CMP solution with 10 mM inhibitor A were measured. The optical

profiling help to reveal a Cu inhibition delay by inhibitor A at the first one minute
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period that results in a higher Cu corrosion lost at ca. 8% volume lost per minute
shown in Figure 4-17. The initial inhibition activation process can be affected by
chemical structure and concentration of the inhibitors, and the chemical solution
environments as well. We anticipate more in-depth understanding of corrosion
inhibition activation can be achieved by the combination of new optical profiling

metrology and other electrochemical and surface characterization tools.

surface Map

-0.10904

Figure 4-16 One example of optical profiler result: the volume for all three Cu
microdots = 2280 [um]°.(a) 3D mode (b) surface map (c) surface profile
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Figure 4-17 Activation study of initial loss of Cu micropattern on Ru
substrate soaked in cleaning solution with inhibitor A (10 mM)

4.9 Summary

In summary, a new rapid corrosion screening metrology was developed and
demonstrated for effective characterization Cu bimetallic corrosion in CMP
relevant environments. Enhanced Cu corrosion induced by the Cu/Ru bimetallic
contact was confirmed with all four solutions studied. The balance between oxide
formation and complex reaction can affect the extent of Cu bimetallic corrosion.
The alkaline NH4OH solutions with strong complexing ammonia ligands will result
in faster Cu corrosion. For tartaric acid and K,SO, solutions, a slower Cu
corrosion process that could lead to Cu passivation was observed based on
micropattern screening results. The micropattern corrosion screen method also
proves to be useful in identifying the metastable surface states during corrosion
and determining threshold BTA concentration for Cu corrosion inhibition. New Cu
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corrosion inhibitors were discovered using micropattern screening. The high
resolution 3-D optical profilometry was found to be useful in evaluating the early

activation process of corrosion inhibition.
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CHAPTER 5
INVESTIGATION OF COPPER/RUTHENIUM BIMETALLIC CORROSION:

EFFECT OF ANTIOXIDANTS IN POST-CMP CLEANING PROCESSES*

5.1 Introduction

Antioxidants are common constituents in post chemical mechanical
planarization (CMP) cleaning solution used to prevent the oxidation of Cu during
the process [1,2]. Usually post CMP is carried out at high pH condition between 9
and 11. By the auto-oxidation mechanism, antioxidants scavenge oxygen present
in the solution thereby reducing the availability of oxygen to attack the Cu
surface. Figure 5-1 shows different polyphenols with bi- or tri- hydroxyl
substituted benzenes used as antioxidants in CMP slurries. Polyphenol
antioxidants undergo self-oxidation on exposure to air or oxygen. The first step of
oxidation involves the abstraction of hydrogen from hydroxyl group forming
semiquinone radical and further oxidation occurs to form stable oxidized species
in quinonic form [3]. Therefore, auto-oxidation of polyphenols can be enhanced
by increasing pH of the solution [4]. Besides the antioxidant activity, polyphenols

can also act as chelating agent for different transition metal ions [5-9].

'Results presented in this chapter have been published in ECS Transactions. Kyle et al., 2010.
35(8): 173. Used with permission from the Electrochemical Society.
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5.2 Micropattern Corrosion Screening of Gallic Acid

Gallic acid (3,4,5-hydroxybenzoicacid) is one of the polyphenols used as
Cu antioxidant in post CMP cleaning formulations [10]. We first investigated the
influence of gallic acid on the corrosion of Cu when in contact with different
substrates like Ru and Ta. Our micropattern corrosion screening data indicate
that Cu receives no protection from corrosion instead actively corrodes in gallic

acid under alkaline conditions similar to that of the post CMP clean.

OxCHs Oy OH Os_OH OxOH
HO OH OH
HO OH HO OH OH
OH OH OH OH

Ellagic acid methyl-gallate 3,4,5-THBA 2.4.6-THBA 2,3,4-THBA
Oy _OH OsOH Os_OH Os_OH OsOH
/é\ /é/OH OH [E[OH
HO OH OH HO OH
OH OH
3,5-DHBA  3,4-DHBA 2,5-DHBA  24.pHBA  2:3-DHBA
OH OH
OH
soliCTIE S al cW >l v
OH HO OH OH oh OH
OH Hydroquinone Catechol

1,2,3-trihydroxyl 1,3,5-trihydroxyl 1,2,4-trihydroxyl Resorcinol

benzene benzene benzene

Figure 5-1 Relevant polyphenol antioxidants.

Optical images of Cu micropatterns deposited on Ru and Ta submerged in 5

mM gallic acid at different pH are shown in Figure 5-2(a). At pH 7 Cu microdots

142



on Ru are corroded in 60 min. In contrast, Cu microdots deposited on Ta are

passivated and visually darkened. In more alkaline conditions, two different Cu

corrosion behaviors were observed in gallic acid. In less alkaline condition

around pH 9, complete erosion of Cu microdots is seen within 22 mins on Ru

substrate and 41 mins on Ta substrate. The estimated corrosion rate of Cu on Ru

and Ta is 3.2 nm/min and 1.7 nm/min, respectively. It is worth noting that gallic

acid at pH 9 offers no corrosion protection but instead accelerates the corrosion

of Cu microdots deposited on both Ru and Ta. However, in the more alkaline

condition (pH =12), Cu corrosion ceased completely in gallic acid on both Ru and

Ta substrates.

(a)
pH 7

Cu/Ru
L=

Cu/Ta

2 hrs 30 mins

0 mins

Cul/Ta

15 mins 22 mins 41 mins

Cu/Ru

Cu/Ta

2 hrs

Figure 5-2(a) Micropattern corrosion screening results of Cu/Ru and Cu/Ta in 5
mM gallic acid solution at pH 7, 9, and 12 adjusted by KOH.
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Figure 5-2(b) Micropattern corrosion screening results of Cu/Ru and Cu/Ta in

5 mM gallic acid solution with different pH value adjusted by KOH.
5.3 UV Vis Spectroscopy of Gallic Acid

Gallic acid autoxidation at different pH conditions was characterized by UV

Vis spectroscopy (Figure 5-3). Gallic acid remains stable in acidic conditions
Figure 5-3(a), pH 5, but the oxidation reaction gradually sets in at pH > 7. Based
on UV-Vis spectra, rapid autoxidation of gallic acid takes place in alkaline
conditions. Semi-quinone radical exhibits absorption ca. 380-450 nm [11,12].
Figure 5-3 also shows the rate of oxidation of gallic acid since the spectra were
recorded at different time intervals in increasing pH conditions. At pH 5 (Figure 5-
3a), gallic acid solution remained clear and no absorption peak was observed at
380-450 nm, which demonstrates no formation of semi-quinone radical from
oxidation of gallic acid. At pH 7(Figure 5-3b), the radical formation was observed

after 3 hours of exposure to atmosphere. Also, the color of solution started to
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change from clear to pale green, see insert Figure 5-3b. At pH 9 (Figure 5-3c),
the color of the solution turned to dark green within 2 hours and the spectra data
illustrates that the radical formation was more pronounced in alkaline condition.
Moreover, at pH 12(Figure 5-3d), the color of solution changed to dark green
within 15 minutes and further turned to brownish orange which is different from
pH 9. The spectra in Figures 5-3c and 5-3d show the absorption wavelength at
pH 12 was higher than at pH 7 and pH 9. The extent of oxidation of gallic acid at
pH 12 could be higher than at pH 9. The different oxidation progression of gallic
acid with solution acidity observed by UV-Vis spectra provides important insights
that suggests different species of gallic acid formed could resulted in the pH-

dependent corrosion behavior as shown in Figure 5-2.
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Figure 5-3 UV-Vis spectra’s of 5 mM Gallic acid taken at different time
intervals to study the rate of semi-quinone formation.
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5.4 Proton Dissociation and Oxidation

The UV-Vis results point out the various oxidation behavior of gallic acid
under different pH condition. Therefore, it is important to find out which oxidation
state(s) of gallic acid is responsible of Cu corrosion at pH 9 condition. According
to the possible oxidation pathway of gallic acid in Figure 5-4, the deprotonation of
hydroxy! group in gallic acid is a key intermediate state followed by the oxidation
reaction to form radical species. In Figure 5-5, the pK,s of gallic acid and titration
curve (5 mM 20ml of gallic acid was titrated by 5 mM KOH) illustrate the proton
dissociation process of gallic acid. Stoichiomeitrically, titration curve shows that
most of the proton is dissociated from carboxylic acid group at the 1% end point
pH~6 after adding 20 ml of KOH (M1V1= M,V;). With more KOH added to reach
pH=9, around 86.3% of GaAc(I) will be neutralized to form GaAc?(Il) through the
deprotonation of hydroxyl group at the para-position based on the Eq. (1) (gallic
acid pKay2 =8.2) [13]. Also, only <2% of species (lll) was formed by deprotonation
of hydroxyl group at meta-position (pkas =10.7) at ca. pH 9. It will have even less
amount of deprotonation from the second meta-position at pH 9. Titration curve
corroborates well with the UV-Vis spectra, Figure 5-3, to explain the process of
gallic acid oxidation starting with deprotonation, then followed by radical
formation by oxidation. Gallic acid, the oxygen scavenger, can be triggered to
react with oxygen rapidly only when the hydroxyl (-OH) group is deprotonated to
(-O), especially in alkaline pH, then oxidized to semi-quinone radical (-O7). In

order to have structural identification of oxidized gallic acid under different
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alkaline conditions, **C nuclear magnetic resonance (NMR) was used to

characterize the solution under high alkaline condition.

124 5mM 20ml gallic acid

10

61 pKa3=10.7 GH: PKas=13.1
' PKao=8.2

2 T T T T T T T T T

ml of 5mM KOH
Figure 5-5 Titration curve of gallic acid.

[GaAc?]

pH = pka + log GaAc]

Buffer Eq. (5-1)
5.5 Identification of Gallic Acid Structure by NMR

Figure 5-6 shows the **C NMR of gallic acid under different pH condition. The
initial pH of the aqueous saturated gallic acid (~35 mM) is pH 3.2 at room
temperature. The gallic acid was prepared by using deuterium oxide (D,0) as
solvent and methanol-D was used as reference in acquiring NMR spectra. The
pH of gallic acid was adjusted by adding concentrated NaOD. In Figure 5-6, there

are 5 different C peaks in **C NMR spectra. The C peak labeled # 1 belongs to C
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carboxylic acid group. The rest of four C peaks labeled # 2-5 belong to the C on
benzene ring. The C #2 and C #5 have higher intensity than C #3 and C #4 due
to the symmetric structure of gallic acid. The *C NMR spectra confirm that there
is no additional carbonyl group at region between 150 and 180 ppm even at pH
13.5. Thus, no quinone is produced under autoxidation at pH 13.5. Additionally,
the shifting of C peaks can give the information of deprotonation. For instance,
when pH is increased from 3.2 to 9 the C peak of #1 and #4 are shifted toward
down field (high ppm range) due to the increase in electron density after
deprotonation of acidic group and hydroxyl group on C #1 and C #4, respectively.
Comparing the fresh prepared gallic acid at pH 9 with after 8 hours air exposure,
the C NMR spectra didn't change even though the color of solution has changed
from green to dark brownish orange. At pH 13.5, the C #2 shifted obviously
because the pKa3,4 values of hydroxyl group at meta-positions are 10.1 and
13.1. The C #5 with no hydroxyl group remained at the same position in the C
NMR spectra at all pH range. Even though the NMR is unable to detect the
radical formation, the information of gallic acid structure and deprotonation of

hydroxyl group already offered very helpful evidence of no quinone formation.
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Figure 5-6 shows the *C NMR of gallic acid under different pH condition.
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5.6 Oxygen Effect

A purging nitrogen environment is used to minimize the oxygen content in the
solution. At pH 9, limited corrosion of Cu on both Ru and Ta is observed with N,
purging for at least 3 hour. The result suggests that the oxygen plays a key role

of the Cu corrosion in gallic acid as observed in Figure 5-7.

0 min 3hr

Cu/Ru Cu/Ta Cu/Ru Cu/Ta

Figure 5-7 Result of micropattern corrosion screening method in N, ambient
gallic acid at pH 9.

pH meter

Os OH

HO OH ’
OH \ % ,
@)

5mM gallic acid (@)

Figure 5-8 Oxygen pre-purged 5 mM gallic acid at pH 9 for corrosion
screening.
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In order to investigate the role of oxygen in Cu corrosion in gallic acid at pH
9, the result of corrosion screening study with different period of time in O, pre-
purged gallic acid solution was shown in Figure 5-8. Expectedly, Cu corrosion
rate increased after 15 minutes of oxygen purging as shown in Figure 5-9. The
corrosion rate of Cu reached to the maximum after 30 minutes of oxygen purged
condition and maintained the same corrosion rate for 2 hours. However, the
corrosion rate dropped after 6 hours of continuous oxygen pre-purging which
illustrates that the corrosive radical/semiquinone that was generated at the
beginning by reacting with oxygen, would also be consumed by further reacting
with oxygen. In Figure 5-10, linear sweep voltammetry was used to quantify how
much reactant was left after autoxidation with oxygen, by scanning the oxidation
potential in gallic acid at pH 9. The oxidation plateau from 0.4V to 1.3V reached
to the maximum after 15 minutes of oxygen purging and was leveled after 6
hours of oxygen purging, which demonstrates that a lot of corrosive

radicals/semiquinone were consumed by on going scavenging oxygen.
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Figure 5-9 Corrosion screening result of oxygen pre-purged gallic acid and
monitoring the solution pH by pH meter.

Figure 5-9 also shows, the pH value was changed with different period of
oxygen purging time. The pH value was dropped at the beginning, and started to
rise back after 30 minutes of oxygen purging. The pH value was dropped from 9
to 8 which means the concentration of proton was increased from 10° M to 10
M. The small amount of proton could be contributed by dissociation of hydroxyl
group at para-position on gallic acid. However, the pH was increased again after
2 hours due to the fact that the oxygen reduction reaction (ORR) produced
hydroxyl ions by reacting with oxygen scavenger, gallic acid at semiquinone

form.
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Figure 5-10 Linear sweep voltammetry of 5 mM gallic acid at pH 9 pre-
purged with oxygen for various times.

Also, the experiment of air exposure was set up to study the effect of oxygen
in air on Cu corrosion shown in Figure 5-11. Comparing air exposure with oxygen
purging condition, both air exposed or O, pre-purged gallic acid corrodes Cu
effectively at the beginning. Exposing gallic acid in lab atmosphere leads to
autoxidation forming phenoxyl radical/semiquinone in the solution. However, the
Cu corrosion rate decreases in the solution after 11 days of air exposure or 12
hours of O, purging. Therefore, O, not only leads to form corrosive
radical/semiquinone but also consumes the corrosive radical/semiquinone to
form higher oxidation state radical/semiquinone species, similar to pH 12
condition, which doesn’t cause the corrosion. The pH value of gallic acid changes
dramatically in O, or air ambient. The pH value keeps decreasing in air exposed

condition could be down to the dissolution of CO- from air.
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Figure 5-11 Corrosion screening result of air exposed gallic acid and
monitoring the solution pH by pH meter.

5.7 Structural Effect

The micropattern corrosion screening method was applied on probing the
relevant antioxidants in post-CMP environment as shown in Figure 5-1. The
results of corrosion screening suggested that Cu corrosion was enhanced only
when the polyphenol contains endiol structure with existence of two adjacent
hydroxyl groups on benzene ring such as catechol and gallic acid as shown in
Figure 5-12. Also, each polyphenols with endiol structure, like gallic acid, has Cu

different corrosion rate under different pH range.
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Figure 5-12 Relevant polyphenol antioxidants contain endiol structure.

5.8 Corrosion Mechanism

The Pourbaix (potential-pH) diagram (Figure 5-13) indicates that alkaline
solution condition could facilitate Cu oxidation more readily. However,
micropattern corrosion testing of Cu/Ru and Cu/Ta carried out in pH 9 DI H,O
shows no sustained Cu corrosion. In general, gallic acid is an effective scavenger
for oxygen and hydroxyl radicals and so it minimizes their availability to oxidize
copper. In contrast, active Cu corrosion is observed in alkaline gallic acid
solution. Therefore, Cu active erosion in Cu/Ru and Cu/Ta bimetallic contacts
submerged in alkaline gallic acid cannot be attributed to the Cu oxidation alone.
Active Cu corrosion requires both thermodynamically favorable conditions for
initial Cu oxidation and proper chemistry that can readily remove oxidized Cu

species cumulated on surface to sustain the active Cu erosion. In chapter 4, our
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micropattern screening demonstrated that the surface oxidation on Cu in alkaline
solution (like K.SO,4 pH>6) formed stable Cu oxides or Cu hydroxides that lead to
passivation. In contrast, ammonia (NHj) effectively forms complexes with Cu®* to
facilitate the active bimetallic corrosion of Cu/Ru in alkaline ammonium hydroxide
solution. Furthermore, the effects of Cu bimetallic contacts to Ru and Ta need to
be considered in order to establish Cu corrosion mechanism in gallic acid. Based
on the electromotive force (emf) series, the nobility of these three metals is in
order Ru >Cu and Cu >Ta. Hence positive current flows from Cu to Ru by the
oxidation of Cu due to large bimetallic potential difference established between
Cu and Ru. Our electrochemical analyses (Tafel plot and direct galvanic current
measurement) corroborate the enhanced Cu corrosion on Ru substrate observed

by micropattern screen shown in Figure 5-14 and Figure 5-15.
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Figure 5-14 Tafel plots of Ru, Cu and Ta electrode in 5 mM gallic acid solution
at pH 9.
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Figure 5-15 Direct galvanic current measurements of Cu/Ru and Cu/Tain 5
mM gallic acid solution at pH 9.
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Figure 5-16 Gallic acid corrosion mechanism demonstrates pH, oxygen,
substrate and structure effects on Cu corrosion.
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Figure 5-16 depicts a framework to develop a plausible Cu corrosion
mechanism under alkaline gallic acid solution. At pH 9, the gallic acid will be de-
protonated at carboxylic acid and para-hydroxyl positions [14]. Our ambient
control corrosion study established that oxygen can greatly accelerate the
corrosion of Cu microdots. Ru is well known electrocatalyst for the oxygen
reduction reaction (ORR), the common rate determination step for the fuel cell
operation. Therefore, ORR reaction on Ru could oxidize the de-protonated gallic
acid to anion radicals and readily form Cu complexes by chelating Cu ion with
both adjacent hydroxyl sites (chelation of phenolate) [15]. These Cu complexes
are highly soluble and provide efficient pathway to remove oxidized Cu and
accelerate the Cu corrosion. In addition, with Cu/Ru bimetallic contact, Ru
substrate could promote the ORR reaction to raise local pH from 9 to ~12. This
increase local surface alkalinity combined with favorable galvanic contact to a Ru
further accelerates Cu corrosion. In contrast, the Ta substrate readily forms
surface oxide based on the XPS surface analyses. In fact, Ta oxidation provides
the cathodic protection to slow down Cu corrosion in Cu/Ta system, Figure 5-15.
The Ta oxide surface is not capable of promoting ORR and consequently a lower
Cu corrosion rate is observed.

At pH 12, the Cu micropattern formed passivation layer on both Ru and Ta
substrates as shown in Figure 5-2a. According to the **C NMR and UV-Vis
spectra data, the different semiquinone/radical structure of gallic acid in high

alkalinity resulted in absorbing on Cu surface rather than chelation with Cu to
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form dissolved Cu-gallic acid complexes. The **C NMR spectra data also

demonstrates the result of no dimmer formation and quinone formation.

5.9 Summary

A new rapid corrosion screening metrology was developed and demonstrated
for effective characterization Cu bimetallic corrosion in post CMP solution
environment. Our data suggested that balance between oxide formation and
complex reaction can affect the final outcome of Cu bimetallic corrosion. The
efficient micropattern corrosion screening helped to reveal the hidden pH
dependent corrosive property of gallic acid that was previously perceived as Cu

anti-oxidant.
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PART Il
ELECTROCHEMICAL CHARACTERIZATION OF ORR CATALYSTS
CHAPTER 6
ELECTROCHEMICAL CHARACTERIZATION OF OXYGEN REDUCTION

REACTION (ORR)

6.1 Introduction of ORR in Fuel Cell

Due to the fact that fossil fuels will be used up after several decades, it is
necessary to find out alternative energy sources that do not exhaust natural
resources or emit the green house gases to harm the environment. The
renewable natural resources such as sunlight, wind, rain, tides and the
geothermal heat will not be exhausted. However, those natural resources are not
consistent or continuous. Therefore, owing to produce stable and consistent
power, the energy extracted from natural resources is generally stored as
electricity in the storage devices such as batteries. As opposed to the huge and
heavy batteries, the liquid hydrogen has been considered as a portable fuel for
generation of electric power. Hence, there has been an increasing interest on
studying proton exchange membrane (PEM) fuel cell nowadays.

In 1831, Michael Faraday discovered the phenomenon of electromagnetic
induction with which the fundamental principle of the electric power generator is

based. The early electric power-generator encountered the limitation of power
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transmission and relative insufficiency of power generation. At the end of 19™
century, the coal-burning generators were the most used in power plants;
achieving fewer than 20% efficiency of energy conversion at the turn of the
century. However, the limitation of energy resources and the concern for
environmental pollutions propel the need to develop new power generation with
lower emissions and higher efficiencies. Therefore, the level of research interest
in fuel cell has been increased steadily. As part of that developing trend, Ostwald
predicted the 20" century would be the “Age of Electrochemical Combustion” [1].
Owing to the space race, it is necessary to develop a power source with
lightweight and high efficiency for space application. In 1963 a proton exchange
membrane fuel cell (PEMFC) was invented by William Grubb and Lee Niedrach
of General Electric [2, 3]. At that time, the ion-exchange membrane had a limited
lifetime in the fuel cell [1]. In 1996, Supramaniam Srinivasan, the winner of the
Energy Technology Research Award, has greatly extended the durability of the
ion-exchange membrane in PEM technology [1, 4]. Subsequently, many papers
have been published and research activities have shown the study of operational
effects on fuel cell durability, gas diffusion layer, membrane degradation and
electrocatalyst stability. In the electrocatalysis study, the major technical
challenge in development of commercial PEM fuel cell is to develop an
inexpensive, stable and highly efficient electrocatalyst for oxygen reduction
reaction (ORR). Due to the excellent electrochemical catalytic activity of platinum

metal, platinum-based catalysts have been widely used in fuel cell for both
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hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR).
However, the scarcity of platinum (only 37 ppb in the Earth’s crust) [13] causes
the price to increase from a historically constant price of $450/troz to the current
price of $1,800/troz (March/2011) (Figure 6-1) [5]. Since the amount of platinum
loading is a key parameter for increasing power density in PEM fuel cell, several
researchers have been studying on new electrocatalyst without platinum so as to

minimize the production cost for large scale commercialization.
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Figure 6-1 History of platinum price (USD per troy ounce)[5].

Membrane

4H" 1
H* transport

Anode Cathode

2H; —»4H" + 4¢ 4H" + O, + 46— 2H,0
Figure 6-2: Simplified PEM fuel cell reactions.
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The PEM technology shown in Figure 6-2 has the best efficiency and
power density than other fuel cell technologies that can achieve in air and at low

temperature operating condition.
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Scheme 6-1 Several individual reactions in ORR pathway’.

There are several individual reactions proposed in the ORR pathway
(Scheme 6-1) [7] that includes the four-electron reduction and two-electron
reduction reactions. A four-electron reduction reaction produces the hydroxyl
anions directly from the oxygen molecule; the two-electron reduction reaction
generates peroxide species which can cause the corrosion of electrocatalyst and
chemical degeneration of PEM and decrease the efficiency of energy conversion.
Therefore, research groups spent much effort on finding alternative
electrocatalysts to minimize the formation of H,O,. In PEM fuel cell, the
conversion energy of each cell drops, even using Pt-based ORR electrocatalyst,
from a theoretical value of 1.229V to 0.7V [8], due to the sluggish kinetic rate of
ORR and its high overpotential [9-12]. In order to provide economical catalysts

with higher voltage, efficiency, durability, and lower generation rate of peroxide
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species, the investigation of new non-platinum cathodic electrocatalyst [13, 14] is
considered highly essential.

Owing to the requirement of extended operation life time, the materials of
ORR electrocatalyst must have high stability and resistance to corrosion. The
noble metals like platinum, palladium, rhodium, ruthenium, osmium, iridium, silver
and gold, and their oxides have been widely studied and some were
demonstrated to be good electrocatalyst for ORR [15]. Besides that, the recent
development of the nano-technique and thin film deposition allow coating of the
monolayer of noble metal such as nanoparticles to minimize the loading of
precious metals [6]. The non-noble metals were also investigated for
electrocatalytic activity especially on higher temperature operation systems [16].
The Pt-based materials are still the best electrocatalysts [16] and commonly used
as a comparison standard for the development and discovery of new

electrocatalysts on ORR.

6.2 Electrochemical Characterization of ORR

A good ORR catalyst not only has a high reaction rate of four electron
transfer oxygen reduction but also has a low rate of two electron transfer as
hydrogen peroxide formation. The formation of hydrogen peroxide damages the
PEM membrane, which could lead to serious explosive situation when the
hydrogen fuel meets the oxygen source through the defected membrane area.

Therefore, it is important to analyze and minimize the formation rate of hydrogen
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peroxide. Nowadays, the rotating ring-disc electrode (RRDE) and scanning
electrochemical microscopy (SECM) systems are used for detecting the rate of
hydrogen peroxide formation. In RRDE system, H,O, can be detected at the ring
electrode by applying a constant positive potential and can be quantified by
oxidizing current from the ring electrode as shown in Figure 6-3 (a). Alternatively,
the hydrogen peroxide can be detected by the scanning tip in SECM system as
shown in Figure 6-3 (c) [17, 18]. Or the use of fluorescent sensor of hydrogen
peroxide [19] in the electrolyte can also optically estimate the formation rate of

hydrogen peroxide during the ORR.
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Figure 6-3 (a) RRDE system (b) One example of Pt RRDE in 0.5 M H,SOq4
with 900 rpm.
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(c) SECM system
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Figure 6-3 (c) Scanning electrochemical microscope (SECM) system [17].

6.2.1Linear Sweep Voltammetry

Both RRDE and SECM techniques are based on two working electrode
system which the second working electrode like ring electrode and scanning tip
electrode is useful on detecting hydrogen peroxide. Linear sweep voltammetry
(LSV) is one of the electrochemical techniques which is also capable to evaluate
the onset reduction potential of ORR catalysts. Though LSV can detect the
difference in ORR onset potential between N, purged and O, purged solutions, it
cannot resolve the hydrogen peroxide generation from ORR. However, LSV is a
good initial screening technique to quickly probe the new catalysts by evaluating
the oxygen reduction onset potential. Subsequently, the formation of hydrogen
peroxide can be determined by RRDE at a later time. Usually, the operation
temperature of PEM fuel cell is around 80°C. Hence, the thermostat set up as
shown in Figure 6-4 is used to raise the operating temperature during the LSV

measurements.
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Ref. electrode (satd. Ag/AgCl)
Working electrode (Pt, Pd or Ru)
Counter electrode (Pt sheet)

Th Figure 6-4 The three electrode
Beestat system in thermostat for
characterizing ORR catalysts.

Figure 6-4 (a) shows the Pt CVs in 0.5 M H,SO,4 under nitrogen ambient
(black line) and oxygen ambient (red line) at 60°C. With the increase in dissolved
oxygen content in sulfuric acid electrolyte, the reduction charge was observed to
be enhanced at cathodic region ca. 0.6V (vs. Ag/AgCl) and that is overlapped
with the Pt surface oxide reduction peak at ca. 0.6V. The reduction of surface
oxide imposes some technical difficulty to identify the onset potential of ORR. In
order to clarify the onset potential of oxygen reduction reaction, the Pt surface
was electrochemically cleaned and reduced before the examination of onset
potential of ORR. Figure 6-5 (b) and (c) show the CV and the LSV, respectively.
Comparing nitrogen background with oxygen ambient, the CV and LSV can pin

point the onset potential of ORR at 0.6V (vs. Ag/AgCI) on Pt catalyst at 60°C.
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(black line) and oxygen ambient (red line). Scan rate is 50mV/s for all of LSV
and CV.
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Similar to Pt, the Pd and Ru thin film electrode were also prepared by
sputter deposition on glassy carbon electrode. The Pd and Ru LSV results were
shown in Figure 6-6 and Figure 6-7, respectively. By comparing oxygen ambient

with the nitrogen background, the trend of onset potential was obtained: Pt (0.6V)
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> Pd (0.52V) > Ru (0.5V). In Figure 6-8, the overlapped LSV of Pt, Pd and Ru
show the different slopes of ORR current versus potential at over-potential
region. The initial ORR rate based on current-potential slop is found in the
following order: Pt > Pd > Ru. The result of static LSV experiment may not reveal
the kinetic limitation of electron transfer process. Therefore, it is important to use

RRDE or RDE system for kinetic study.

6.2.2 Rotating Ring-Disc Electrode (RRDE)

Nowadays, majority of ORR catalyst studies have been reported using
RRDE system as shown in Figure 6-2. The dynamic potential scanning was
applied on center disk and the operation principle is same as LSV. Therefore, the
onset reduction potential can be detected at the point where the ORR reduction
current increase. The ring electrode in RRDE system was used to detect the
formation of hydrogen peroxide and can be done by applying oxidizing potential
on ring electrode to oxidize the H,O,. The H,0, (2e") and H,O (4€) were
generated from center disk during the process of ORR and they were carried by
the outward flow pattern toward the surface of ring electrode, Figure 6-2. Hence,
H,0, is oxidized to form H,O when passing through the positively bias ring
electrode. The oxidation current was obtained as shown in the top and bottom of
Figure 6-2 (b) which is the LSV while the RRDE electrode was rotated at 900
rpm.

The RRDE system not only can reveal the electron transfer number of
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ORR catalyst but also can clarify the onset potential of ORR. Besides it can also
provide the information on kinetic behavior of ORR catalysts. With increasing
rotating speed, the reactants are continuously supplied along flow pattern to the
disk electrode surface [20], which allows to verify the kinetic limitation of electron
transfer (current) for ORR on different catalysts.

Figure 6-9 (a) and (b) show the result of Pt RRDE in 0.5 M H,SO, at
varying rotating speed under lab ambient. And Figure 6-9 (c) and (d)
demonstrates the limiting current at different applied potentials. The limiting
kinetics depends on the applied potential and it increased when the
corresponding overpotential is increased. In Figure 6-9 (c), which shows the
square root of rotating speeds versus current density of disk electrode, the non-
linear curve (like 0.40V) indicates a kinetic limit situation. In other words, the
reaction rate did not change even when the supply of reactant is increased by
rotating rate. The kinetic limit region is shown in Figure 6-9 (c) at 0.4V (blue line)
which approximates to a current density value of 0.6 mA/cm?. However, it is hard
to find out the rest of applied potential such as 0.2V and -0.1V owing to the
limitation of rotating speed, as high rotating speed could generate turbulence flow
on electrode surface. Hence, the Koutecky-Levich plots at Figure 6-9 (d) were
used to estimate the limiting current. The interception at y axis (1/1y)
demonstrates the current limit I,. The I at different applied overpotentials were
obtained. For instance, the interception at y axis (1/ly) at 0.4V and -0.1V were 8.0

mA™ and 2.0 mA™, respectively. By inverse calculating and dividing with
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electrode working area (0.196cm?), the I at 0.4V and -0.1V were obtained as
0.63 mA/cm? and 2.55 mA/cm?, respectively. The calculated I at 0.4V was 0.63
mA/cm? which is close to the value as shown in Figure 6-9 (c). Hence, the higher
Ik indicates the lower kinetic limitation of ORR on catalyst surface.

The electron transfer number n can be calculated by following equations

Ir

Nesf = Eq 6-1
lg
41y
Electron transfer numbern= Eq. 6-2
Id+(|r/Neff)
I
Mol. % Hy0, = Eq. 6-3

laNeff

Where Net is the collection efficiency, |q is the disk current and I, is the ring
current. The Ne Was given as 15 % with rotating speed at 900 rpm. The electron
transfer number of Pt is ca. 3.62 at 0.2V with limiting current, I 2.23mA

and10.4% H,0,.
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different rotating speed from 100 rpm to 2500 rpm (a)ring current (b)disk
current (c)Variation of | with w*?at an RDE (d) Koutecky-Levich plots at
varying potentials.

In Figure 6-10, the ORR onset potential on Ru is ca. 0.4V, which is 100mV
lower than that on Pt. The electron transfer number for Ru is ca. 3.36 at 0.1V with
l: 1.68mA and 19.2 % H,0,. In Figure 6-11, RuOxHy electrode was made by
electrochemically oxidizing Ru electrode. The electron transfer number of
RuOyHy is ca. 3.89 at 0.2V with limiting current, l: 1.6mA and 2.9 % H,0,. The

onset potential of ORR on RuOxHy was similar to Pt at 0.5V and the electron

transfer number was much better than Pt. The percentage of H,O, generation
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was only 2.9% on RuO4Hy catalyst. But, comparing 6-9(d) with 6-11(d), the
current limitation, Iy, on RuOH, at 0.2V was 1.6 mA/cm? lower than that on Pt (lj:
2.23mA/cm?). Therefore, the kinetic limitation of Pt catalyst is lower than RuOyH,
catalyst. Even though the ORR electrocatalytic activity on pure Ru electrode was
not as good as Pt, the electrochemically oxidized Ru i.e. RuO4Hy, can be used as
a potential catalyst. The electrocatalytic properties of RuOyHy catalyst will be

discussed at further later section by using spectroelectrochemical method.
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Figure 6-10 the result of Ru RRDE system in 0.5 M H,SO4 (lab ambient) with
different rotating speed from 100 rpm to 1600 rpm (a)ring current (b)disk
current (c)Variation of | with w*?at an RDE (d) Koutecky-Levich plots at
varying potentials
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Figure 6-11 (e) microscope image of 500X RuOyHy disk.
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6.2.3 Spectroelectrochemistry (SEC) Versus RRDE and SECM System

From the view point of catalyst surface, the porosity of electrode surfaces
like carbon cloth can be investigated by both SEC and SECM methods which
operation conditions are more similar to real fuel cells than using RRDE system.
In fact, the operation principle of a RRDE system requires the formation of stable
convection solution flow pattern by rotating the disk electrode [20]. In order to
have similar flow pattern near electrode surface at the same rotating speed of
disk, maintaining a flat electrode surface is crucial to prevent the uncontrollable
turbulence flow. However, in a practical fuel cell, thin layer of catalysts are
deposited on the porous carbon-substrate to increase the electroactive surface
area. As the result, the linear flow pattern and flow speed will be influenced by
surface roughness. Hence, the powder-coated catalysts may result in different
surface roughness on disk electrode that leads to questionable current density of
RRDE, non-suitable as a standard for studying the electrochemical catalysis.
Furthermore, the ORR catalysts is fabricated on the proton exchange membrane
in a PEM fuel cell (see Scheme 6-2), whereas in the RRDE system the ORR
catalysts were fabricated under the coating of PEM material. In contrast, the SEC
method directly characterizes ORR catalyst that can provide similar information

as RRDE system with less sample preparation.
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Scheme 6-2 the comparison of the catalyst on practical cell and on RDE.

6.2.4 Spectroelectrochemical Method Set-up

In SEC method, a potentiostat analyzer is used for the electrochemical
experiment. All three electrodes i.e. counter electrode (Pt wire), reference
electrode (satd. Ag/AgCl), and working electrode shown in Scheme 6-3 will be
immersed in a cuvette filled with electrolyte (0.10 M K;SO,4). Phenolphthalein is
added to the electrolyte in order to indicate the change in local pH due to the
formation of OH" ions from ORR. Linear sweep voltammetry is used to scan the
potential on the catalyst coated working electrode. During the potential scan the
color change near the catalyst surface is recorded by UV-Vis spectrometer

(Agilent 8453). The onset potential of ORR can be determined when the
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observed absorbance intensity starts to increase. The kinetic rate will be
determined by the time dependent intensity of the absorbance operated under
the same amount of driving overpotential for ORR.

The pH indicator plays the key role to show the changes in pH occurring at
the electrode surface. In other words, the color intensity of the pH indicator
reflects the proton concentration near the vicinity of potential ORR catalyst. Also,
it is well known that electrochemical system possess heterogeneous distribution
of ions in solution/electrode interface. By utilizing this interfacial distribution in
electrochemical system, the SEC method can measure the proton concentration
variation that can directly relate to the proton consumption or hydroxide
generation caused by ORR. As a result, the local pH change can be detected by
a miniature pH electrode probe or visually observed by adding a suitable pH
indicator. In SEC method, we use the combined effect from pH indicator with the
UV-visible spectrometer instead of using a miniature pH electrode. Therefore, the
increased absorbance in UV-visible spectra suggests that the pH is changed on
local surface area of potential catalyst which can easily correlate to the kinetic
rate of ORR activity (in Scheme 6-3). However, sufficient proton concentration
gradient at the catalyst/solution interface is necessary for the operation of SEC
method; therefore, the buffer solution, strong acid or base could dull or inhibit the

color change of indicator.
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Scheme 6-3 Spectroelectrochemical (SEC) method.

6.2.5The Study of Catalysts by LSV in 0.1 M K,SO4

The perfluorosulfonic acid is commonly used as membrane electrolyte for
the proton exchange in fuel cell. The sulfonic acid has similar chemical structure
to sulfuric acid. Hence, the sulfuric acid was used as electrolyte for ORR studies.
The following study used potassium sulfate (0.1M K,SO,4 pH~ 5) as an electrolyte
for ORR SEC study to prevent rapid neutralization in the typical sulfuric acid
solution. Even though some of non-noble metals were investigated to show ORR

catalytic responses, the Pt-based materials are still the best electrocatalysts [16]
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and commonly used as a comparison standard for the discovery of new

electrocatalysts on ORR. Hence, the Pt, Pd, and Ru were selected to be starting

materials for ORR study. The thin film electrodes of Pt, Pd, and Ru were

prepared by sputtering deposition on Si (100) wafer.
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Figure 6-12 LSVs of GC, Pt, Ru, and Pd in 0.1 M K,;SO,4 under lab ambient
(red line) and oxygen ambient (black line). Scan rate is 5 mV/s for all LSVs.

Figure 6-12 shows the LSVs of glassy carbon (GC), Pt, Ru and Pd

electrodes in 0.1 M K,SO,4 under oxygen ambient (black line) and lab ambient

(red line) conditions. The reduction current of ORR was pronounced with the

increasing dissolved oxygen content in 0.1M K,SO,4, which allows the
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identification of the onset potentials of ORR as comparing to nitrogen ambient
CV background in 0.5 M H,SO, solution. In Figure 6-12, the ORR can be
observed in 0.1 M K,SO,4 even though the onset potential was shifted toward
more negative than the potential in 0.5 M H,SO,. The trend of ORR onset
potential in 0.1M K,SO, on different catalyst electrodes follows as: Pt (0.2V) > Pd
(0.15V) > Ru (-0.1V) in Figure 6-12, which is similar to the trend observed in
acidic condition (Figure 6-8). Figure 6-13 shows the LSVs of Pt, Pd and Ru
electrodes in 0.1 M K;SO,. These electrodes were made by sputter deposition on
the top of glassy carbon electrode. The ORR onset potentials were observed to
be overlapped with the surface oxide reduction peak at ca. 0.2V, which imposes
the difficulty for analyzing the accurate ORR onset potential by LSV. In contrast,
the spectroelectrochemical method makes it easier to exam the catalysts even

with oxide coverage on the catalysts’ surface.

0.0 Ru/GC electrode

E 01 Ru

E Pt 0.15V
> -0.2

2 Pd Ru 0.03V
g oal Pd 0.10V
5

£ .04 t

(@]

O s 0a 12 g0 02 04 06 Figure 6-13 Overlapped of LSVs of

Potential vs. Ag/AgC Pt, Ru, and Pd SEC electrode in 0.1
M K>SO, oxygen ambient at 20°C.
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6.2.6 Local pH

Figure 6-14 (a) shows the Pt CV in 0.1 M K>SO, with continuous O, purging.
The pH value of 0.1 M K,SO4 is ca. 5. However, the hydrogen evolution reaction
(HER) is observed at -0.8V (vs. Ag/AgCl) which is similar to the HER in pH 10
buffer solution (red line) as shown in Figure 6-14 (b). This is caused by the local
pH near Pt surface was increased by the formation of hydroxyl ions originating
from the ORR from dissolved oxygen. In general, the concentration of dissolved
oxygen in aqueous solution is ca. 8 ppm, which is equivalent to 0.25 mM [O3].
Assuming four electron-transfer reactions, the ORR can in principle generate ca.

0.5 mM [OHT] close to the electrode surface that is equivalent to pH 10.7.
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Figure 6-14 (a) CV of Pt electrode in pH 5, 0.1 M K;SO4 under the continuous
O, purging condition (b) the CV of Pt electrode in pH buffer solutions.

The SEC method was applied by introducing the phenolphthalein indicator
which can provide the easily detectable color change during ORR from

transparent to pink as shown in Figure 6-15. The ORR has occurred on Ru
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electrode during potential scan in 0.1 M K,SO, with 20 ppm phenolphthalein.

o .

Figure 6-15 Images of Ru electrode during ORR (a) before (b) at reducing
potential -0.2V.

l

Pt wire

electrode/

Pt/GC SEC
Electrode at -
-0.2V | t Figure 6-16 (a) Pt SEC cell

during ORR at reducing
potential at -0.2V. (b) the side
view of GC electrode.

In order to utilize the UV-Vis spectrometer, a special GC electrode was
built so that it can be placed in cuvette cell for the SEC analysis as shown in
Figure 6-16 (b). The catalyst materials were deposited on GC electrode for
studying the behavior of ORR. Figure 6-17 shows that the SEC method did work

by using the Pt/GC SEC cell. Under different conditions such as oxygen,
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atmosphere and nitrogen ambient, the higher absorbance shows the higher
concentration of hydroxyl ions that were generated by ORR in more oxygen rich
solution. In nitrogen ambient condition, the UV-Vis spectrum was flat, which
illustrates that the only factor to cause the increase in absorbance is oxygen
reducing process. Also, the LSV results in Figure 6-17 (b) showed the more
pronounced ORR reducing current peak at higher oxygen contained ambient that

supported the results obtained from UV-Vis spectra.

a) 0.12- b
(@) o) ®
010' 0.00
] € -0.05 -
T a
5 0.08 % -0.10+
% : 2 -0.15-
0 0.06+ 8 -0.201 Oz
€ oo 3 -0.251
2 3 -0.30
< 002 - : :
-0.8 -0.4 0.0 04
Potential vs. Ag/AgCI
0.00
300 400 50 600 700
Wavelength (nm)

Figure 6-17 (a) the UV-Vis results of Pt electrode under different ambient at
reducing potential -0.2V (b) the LSV results during the SEC method. Scan rate
is 5 mV/s.

6.2.7 Onset Potential of ORR
Figure 6-18 shows the observed spectra at the different potential control
obtained by UV-Vis spectrometer. The spectra were measrued every 50mV steps

during the potential scanning (LSV) from OCP to -0.4V. The insert spectra in
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Figure 6-18 are the expanded view of initial increase in absorbance.
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Figure 6-18 the results of absorbance
by using UV-Vis spectra during LSV
of Pt, Pd, and Ru electrodes under
lab ambient.

Figure 6-19 is result of the peak absorbance of 552 nm at specified

potential during the LSV. The plot of absorbance versus scanning potential can

depict the relative concentration of hydroxyl ions that were generated and

cumulated during the LSV. The LSV in the bottom of Figure 6-19 shows that the

oxygen reduction peak on Pd was sharper than that on Pt. But, at the same

time, the absorbance intensity on Pd was not as high as Pt in Figure 6-19,

therefore it would be misleading to judge the performance by LSV alone. The

LSV of Pd had larger reducing current than Pt and Ru as shown in Figure 6-12.
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However, the large current can be caused by the surface poisoning effect by

sulfate ions. The poisoning issue of Pd surface will be discussed at the later

section. By using the SEC method, the absorbance can indicate concentration of

hydroxyl ions which was only generated by the ORR.
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Figure 6-19 the result of
figure 6-18 plotted by
absorbance versus the
potential scan (LSV) scan
rate is 5SmV/s.

The U.S. department of energy reported that the development goal for

PEM fuel cell at 2011 is the lifetime within 40,000 hours with less than 10% rated

power degradation [21]. The operation lifetime of the fuel cell is a critical issue.

The catalysts need to have high tolerance to poisoning contaminants such as
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halide ions (Cl-, Br-, I-), methanol, NOy, COy, and SOx.

Most researches show that sulfur can be a severe poison effect for
catalysts in fuel processors for fuel cells. It is well known that very low levels of
sulfur can severely deactivate various catalyst systems, by rearrangement of the
surface structure through sulfur species [22-26]. The sulfation is the poisoning
phenomenon which results in the formation of metal sulfate to cover the
catalysts. For example, the sulfation was reported on Pd catalysts to form PdSO,
when exposing to sulfur species [23]. In this section, the SEC method was
demonstrated to be useful to reveal the poisoning issue of catalysts like Pt, Pd
and Ru. The nitric acid and sulfuric acid containing NOx and SOy, respectively,

were used as the source of contaminants or poisons to study electrocatalysts.
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Figure 6-20 shows the result obtained on the poisoning study of sulfation
for the catalysts (Pt, Pd and Ru) by using the SEC method. All of three electrodes
(Pt, Pd and Ru) were dipped into 0.5 M H,SO, for 30 minutes and then rinsed
with DI water before running SEC experiment. Ruthenium shows higher
tolerance in sulfate environment than Pt and Pd. The Pd electrode is found to

have severe sulfation resulted in no absorbance in UV-Vis spectra. Based on the
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absorbance results in Figure 6-20 at -0.2V, the current degradation on Pt, Pd and

Ru in sulfuric acid is 96%, 100% and 82.3% comparing with the data of freshly

prepared catalysts. The ORR onset potential on Pt has shifted 200 mV from

0.15V to -0.05V. The onset potential of Ru has shifted 150 mV from 0.05 to -0.1V.
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The poisoning study of nitric acid was shown in Figure 6-21. The

degradation of Pt is 65.4% without potential shift. The degradation of Pd is 77.3%
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without potential shift. The degradation of Ru is 44.1% with 100mV potential shift.
In Figure 6-22, the SEC and LSV results of sulfuric acid or nitric acid treated Ru
surface was shown with non-treatment result. In LSV data, the reduction potential
of Ru surface is ca. 0.0V to 0.3V. Comparing absorbance and LSV data, the
onset potential of Ru occurred only after the Ru surface was reduced. In order to
confirm the results obtained by the SEC method, RRDE system was used to
verify and compare whether the results from both techniques have the same

agreement for catalyst study with poisoning issues.
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6.3.1Ring Potential at The RRDE System in 0.1 M K;SO4

RRDE system is often used to characterize the ORR catalysts under
acidic condition for PEM fuel cell or under alkaline condition for alkaline fuel cell
and direct methanol fuel cell. Therefore, it is important to apply the suitable
potential in different pH conditions at the ring electrode in order to oxidize and
detect hydrogen peroxide. It is reported that the ring electrode was set at 1.0V
vs. Ag/AgCI for H,O, detection in acidic electrolyte. However, there is no
published data on the required potential to oxidize H,O in near neutral agueous
electrolyte, like 0.1 M K>SOy, related to RRDE system. Hence, this section is
going to discuss how to find a suitable applied potential for ring electrode on the

ORR study in 0.1 M K;SO, solution.
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Figure 6-23 demonstrates RRDE results of the different applied ring
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potential with the same rotating speed (900 rpm) in 0.1 M K,SO4 solution. The
potential at 0.8V (vs. Ag/AgCl) seems to be the suitable potential to oxidize
hydrogen peroxide in 0.1M K,SO,4. The oxygen evolution reaction (OER) by
oxidizing water or hydroxyl ion starts to interfere with H,O, detection when the
applied potential on ring electrode is higher than 0.8V like 1.0V and 1.2V, Figure
6-23. Therefore, the limit of high end potential for oxidizing hydrogen peroxide
can be either 0.8V or 0.6V. So, we checked check whether the ring potential at
0.6V is efficient for oxidizing hydrogen peroxide. Figure 6-24 shows the RRDE
result of the different applied ring potential with the same rotating speed (100

rpm). This time a drop of 30% H,0O, was added in 0.1 M K,SO, solution.
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By adding hydrogen peroxide in 0.1 M K,SO, solution, the low end
oxidizing potential for hydrogen peroxide at ring electrode can be determined by

analyzing Figure 6-24. With applying 0.8V at ring electrode, the oxidizing current
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of hydrogen peroxide maintains the same (0.22 mA/cm?) before 0.3V and after -
0.2V. The oxidizing current at the ring electrode decreased at region between
0.3V and -0.2V due to reduction of hydrogen peroxide from the center disk. In
Figure 6-24, the other applied potentials lower than 0.8V did not keep the same
level of oxidizing current indicating the overpotential is not high enough for
oxidizing H,O,. Therefore, the limiting current was low when overpotential was
lower. Also, the oxidizing current shows different levels before 0.0Vand after -
0.2V especially at (0.4V, 0.5V and 0.6V) owing to the increasing alkalinity by
ORR on center disk. With higher pH condition, the onset potential of oxidizing
H>0O, should be lower. That's why the oxidizing current on ring went higher after

the potential scanned through the onset potential of ORR on center disk.

(&) Ring electrode
] at 0.8V

Oxidation of
H,O, started

Figure 6-25

(a) The current response

on Pt ring-disk with

holding potential at

0.8V.

(b) CV of Pt center-disk in
0.1 M K,SO4 with 100
rpm 50mV/s

Ring Current density Ax10®
N

-0.2

Reduction of oxygen
to H,O,

Disk curent density Al
b6 b
0 0 N

p
0

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 O.2 0.4 0.6 O.8
Potential vs. Ag/AgCl

The applied potential at ring electrode was also confirmed by CV for 0.1 M
K>S0O,. Figure 6-25 shows the CV of electrochemically cleaned Pt RRDE in 0.1 M

K>SO, solution under the rotating speed (100 rpm). The potential of ring
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electrode was set at 0.8V while running CV on disk electrode. When the disk
electrode was reaching 0.1V at forward scan (Figure6-25b) in CV, we observed
increase oxygen reduction disk current accompanying with an increase of ring
current (I;) that demonstrates successful H,O, detection. The H,O, oxidizing
current at the ring electrode (I;) is increased while oxygen was reduced on center
disk electrode. The I, decreased when the disk potential was scanned to more
negative than -0.1V. The increase overpotential of ORR minimized the
generation rate of two electron transfer product hydrogen peroxide. And the I,
became stable once the scanning potential reached to -0.4V. When potential
scan reversed to positive potential at 0.2V, the I, decreased again because the
ORR stopped. The I, response shows differently between forward scan and
reverse scan because the Pt disk surface was reduced during the reverse scan
under higher alkalinity due to the ORR comparing with the Pt oxide during the
forward scan.

Since the applied potential on ring electrode was confirmed, the poisoning
study can be studied in 0.1 M K,SO, by using the RRDE system. Figure 6-26
shows the RRDE result of Pt disk in 0.1 M K>SO, solution at 900 rpm. The clean
Pt disk shows with black line and sulfate aged Pt shows the red line. The onset
potential of Pt electrode is ca. 0.0V and sulfate-aged Pt is ca. -0.2V. The electron
transfer number, ‘n’ for cleaned Pt and aged Pt are 3.83 and 3.63, respectively.
Figure 6-27 shows the RRDE result from Ru disk in 0.1 M K>SO, solution at 900

rpm. The black line is from clean Ru disk shows and the red line is from sulfate
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aged Ru. The onset potential for Ru electrode is ca. -0.1V and sulfate-aged Ru is
ca. -0.15V. The electron transfer number, ‘n’ for cleaned Ru and aged Ru are the

same as 3.8.

&

——Echem cleaned Pt
—— Aged in solution 25 mins

900 RPMin 0.IMK,SO, O, ambient

8

S W

Cleaned Pt surface

Electron transfer number, (n) =
3.83 and H,0, formation ca. 4.2%
Aged Pt surface n = 3.66 and
H,0, formation ca. 7.8%

Ring current density Ax10%cm?
o, 8. &

o
1

E

(8]

2

S ol .

£ Figure 6-26 the clean Pt (black) and
5 —— Echemdleaned Pt sulfate-aged Pt (red) in 0.1 M K;SO4
% — Agedin solution 25 mins solution at 900 rpm in oxygen

. \ 900 RPMin 0.IMK,SO, O, ambient ambient.

06 04 02 00 02 04 06
Potentil vs. Ag/AQC!

The ORR onset potential on Pt and Ru thin films observed using SEC
method are 0.15V and 0.05V, respectively. The onset potential for Pt and Ru
disks in RRDE system are 0.0V and -0.1V, respectively. The onset potential for
sulfated Pt and Ru in SEC method is -0.05V and -0.1V. The onset potential of
sulfated Pt and Ru in RRDE system is -0.2V and -0.15V. The results were

summarized in table 6-1.
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Onset potential Vs. Pt Aged Pt Ru Aged Ru
Ag/AgCI
SEC method 0.15Vv -0.05Vv 0.05Vv -0.1Vv
RRDE 0.0V -0.2v -0.1v -0.15V

Table 6-1 the SEC method vs. the RRDE system.

—— Echem cleaned Ru
—— Aged in solution 25 mins

Ring current density Ax10%cm’

Disk current density mA/cm?
N

900 RPMin 0.1IMK,SO, O, ambient

Echem cleaned Ru
Aged in solution 25 mins

Figure 6-27 the clean Ru (black)
and sulfate-aged Ru (red) in 0.1 M
K>SO, solution at 900 rpm in

06 04 02

00 02

Potential vs. Ag/AgCl

o Oxygen ambient.

Comparing the SEC method with the RRDE system, the SEC method

seems to have higher sensitivity for detecting the ORR onset potential. Both
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methods show the same trend in case of poisoning issue with sulfate

contamination. Ru has higher tolerance for sulfate contamination than Pt surface.

6.4 Surface treatment and recovery from poisoning environment

Since the poisoning issue of sulfation was mentioned before, this section
discusses about the way to recover the surface by using hydrogen plasma as
shown in Figure 6-28. The hydrogen plasma modified Pd surface becomes active
in the SEC method. The absorbance results in Figure 6-28 shows that the
recovered Pd surface started ORR even without applying potential. Therefore,

the hydrogen plasma can be a way to reclaim the spent catalysts.
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6.5 Characterization of RuOHy on ORR

Based on previous catalyst studies Figure 6-11, the RRDE system shows
that the RuOxHy has promising onset potential and high kinetic current limitation
similar to the Pt catalyst. Thus, a thin film Ru wafer was prepared by sputter
deposition on Si (100) wafer. The Ru-coated wafer electrode was made into three
different regions of Ru oxides by electroxidation, Figure 2-29(b). And then the Ru
and RuOy wafer electrode was immersed into the electrolyte which was used for
the SEC method and the potential was applied. As shown in Figure 6-29(a), an

intense pinkish color was observed on RuOxHy (prepared at +1.3V) surface than
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on Ru surface which illustrates the onset potential for RuOxHy is higher than Ru

surface.

Ru (b)
RUOH, (1.1V)
RUOH, (1.3V)

«—

Figure 6-29 Ru wafer with different
oxidation states. Applied at -0.1V vs.
Ag/AgCI.

Also, the LSV data shows the result that is in agreement that the RuOxHy
has better onset potential than Ru as shown in Figure 6-30. The onset potentials

of RuOyHy and Ru are 0.52V and 0.45V, respectively.

0057 0.45v,/
0.004 ——— Labambient 0.0+
e —— N, ambient N
5 -0.051 g
E -0.10- 0.52V E -0.14
>
B 0159 2
S 0204 g 0.2-
ol o
T -0.25- = ]
3 ® 03
-0.30- £ .03
3
-0.354
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-0.2 0.0 0.2 04 0.6 -0.2 0.0 0.2 0.4 0.6
Potential vs. Ag/AgCl Potentail vs. Ag/AgCl

Figure 6-30 (a) RuOxHy SEC cell in 0.5 M H,SO,4 (b)Ru SEC cell in 0.5 M
H2SO,.

6.5.1 Adhesion on Glassy Carbon (GC)
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In order to complete the RuOxHy study for the SEC method, it is necessary
to have good adhesion for Ru thin film on GC electrode; otherwise the thin film of
Ru will peel off under high positive oxidizing potential as Figure 6-31(a) and (b).
The GC electrode was treated by oxygen plasma to minimize the organic
coverage and to ensure the adhesion of the Ti primary layer on the GC electrode

surface. Hence, the film of RuOH, can be modified on the surface of Ru/Ti/GC

as shown in Figure 6-31 (c) and (d).

Ru/Ti/GC

Ru/Ti/ (GC with O-
plasma treated)

Figure 6-31 (a) Ru/Ti/GC electrode (b) electrochemically oxidized at 1.35V on
Ru/Ti/GC in 0.5 MH,SO, (poor adhesion).

(c) Ru/Ti/ (GC with O-plasma treatment) (d) electrochemically oxidized at
1.40V on Ru/Ti/GC with O-plasma treatment in 0.5 MH,SO, (good adhesion).

6.6 Summary
In this chapter, our result demonstrated that the SEC is a useful new

characterization technique to study the oxygen reduction reaction catalysts. The
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SEC technique can offer a cheap and rapid optical screening tool to develop a
better ORR catalyst. In SEC method, the onset potential for ORR on the catalyst
surface can be determined during the potential scan by using the UV-visible
spectrometer. It is done by observing the onset of absorbance intensity in the
UV-Vis spectra due to the change in the solution color caused by local alkalinity
increase of ORR. SEC method is also capable for investigating catalyst
poisoning studies. Moreover, the RuOxHy was found to be a potential ORR
catalyst which shows several outstanding properties such as high tolerance of
sulfation, high kinetic current limitation and low percentage of hydrogen peroxide

formation.
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CHAPTER 7

CONCLUSION AND FUTURE PLAN

7.1 Conclusion

Etch
Stops

Diffusion Barrier

Clean & Etchlng Barrier
> —
Trench pattern Seed Dep.

Corrosion

concerns \

Post CMP

Organic residues

-
CuECD Cu CMP
— —

Figure 7-1 Damascene patterning process.

Figure 7-1, the scheme of damascene patterning process can provide a
clear frame work of each individual studies reported in this dissertation. The part |
of this dissertation dedicates on the fundamental understanding of Cu
electroplating on Ru-based substrates as direct plateable liner material which is
shown in bottom left of the Figure 7-1. The growth of Ru native oxide does

diminish the efficiency of Cu UPD, and bulk plating on Ru surface. However, the
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electrochemical formed irreversible Ru hydrate dioxide (RuOxHy) shows better
coverage of Cu UPD especially formed in sulfuric acid. Both Ru hydrate dioxide
and Ru dioxide (RuO3) are conductive oxides which are directly plateable liner
materials as potential diffusion barriers for the IC fabrication.

The part 1l of this dissertation demonstrates the development of a new
rapid corrosion screening methodology for effective characterization Cu bimetallic
corrosion in CMP and post-CMP environments as shown in the bottom part of
Figure 7-1. In addition, the Echem techniques such as direct galvanic current
measurements and Tafel plots were used to determine of corrosion mechanism.
By utilizing micropattern corrosion screening method and Echem techniques, the
corrosion inhibitors and antioxidants were studied in this dissertation. In the study
of corrosion inhibition, the effectiveness of corrosion inhibitor is estimated by the
extending duration time of Cu corrosion in the environments. Combining
micropattern with the high resolution 3-D optical profilometry, the initial loss of Cu
in early activation was able to be predicted for real time cleaning process.

Besides inhibitors, the antioxidants also used as additives in post CMP
cleaning solution for protecting Cu from oxidation. However, some antioxidants
have endiol structure which caused the corrosion of Cu in alkaline condition.
Therefore, the micropattern corrosion screening method provides convenient
platform for industrial examination of new compounds. The XPS and electro-
characterization of Cu and its oxides composition were studied after air

exposure, inhibitor absorption or genetic cleaning processes, which can illustrate
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the trend of the growth of each Cu oxide or the left over oxide layers on the top of
Cu surface after the process of treatments.

In part Ill, a new SEC methodology was developed to study the ORR
catalysts. This novel SEC cell can offer cheap, rapid optical screening results,
which helps the efficient development of a better ORR catalyst. In this method,
the onset potential of ORR catalyst can be obtained during the potential scan by
using the UV-visible spectrometer. The kinetic rate of the catalyst reaction can be
obtained from the intensity of the observed absorbance change. Also, the SEC
method is capable for identifying the poisoning of electrocatalysts. Our data show
that the RuOxHy processes several outstanding properties of ORR such as high
tolerance of sulfation, high kinetic current limitation and low percentage of

hydrogen peroxide.

7.2 Future Plan

Since the interests of using Ru as directly plateable liner material, better
fundamental understanding of various Ru oxides is important. However, the
oxidation states of Ru Echem oxides were not investigated in chapter 2, the
composition of Ru oxides needs to be verified after electrochemically oxidizing
process or reducing process. Hence, thin film analysis of XPS can provide us the
composition of each Ru oxide under different oxidizing potential with different
oxidizing duration. Also, by comparing dry reducing process such as hydrogen

plasma and forming gas annealing, or wet reducing process like electrochemical
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reducing process, the reducible or irreducible Ru oxide can be characterized by
XPS analysis. Moreover, the penetrated depth of irreducible Ru oxide can be
measured by depth profiling XPS.

In chapter 2, the RuOxHy which was electrochemically formed in sulfuric
acid showed extending coverage of Cu UPD ca. 2.38 ML. It will be helpful to use
RuOxHy, EQCM to verify the UPD coverage again. Besides EQCM, the RDE
system can also be applied into Cu electroplating system for kinetic study on
both UPD region and bulk plating region. Even though the coverage of UPD is
surface limited, the UPD and bulk plating should also be affected by substrate
physical properties such as capacitance, and resistance or conductivity. By using
Koutecky-Levich plots, the kinetic limitation at each applied potential can be
found. Therefore, it is interesting to find out the effect of capacitance on Cu
electrodeposition, especially on RuOyHy surface. The crystallinity of RuOxHy still
needs more data to confirm whether it is amorphous or crystalline.

The corrosion study in Part Il of Cu corrosion inhibitors can be also
combined with EQCM and Tafel plot Echem techniques, which can provide the
rich information of Cu-inhibitor interface corresponding to polarization potentials
such as primary corrosion potential (Epp) and breakdown potential (Ep). Also, the
micropattern corrosion screening method can be prepared on EQCM for
bimetallic corrosion.

Owing to the fact that the cleaning process is convectional rather than

static, the RDE system can be applied on corrosion study with polarization
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potential. With varying rotating speed, the interfacial of Cu and inhibitor can be
studied. The corrosion rate versus rotating speed under passive region potential
between E,, and E, can study the resistance of the Cu-inhibitor under different
rotating speed.

In part 111 of this dissertation, the SEC method is capable to screen
electrocatalyst rapidly by visible observation. Hence, by combining with charged-
coupled device (CCD) devices, the enhanced spatial resolution detector can be
used to analyze the binary or trinary alloys for new catalysts. Moreover, this
method can be applied not only on PEM fuel cell but also on alkaline fuel cell
(AFC) and direct methanol fuel cell (DMFC). Furthermore, the SEC method can
also be used on (oxygen evolution reaction) OER catalysts for the study of
electrochemical water splitting or any surface reaction related to the variation of
local pH.

The study of catalyst durability can use the EQCM and electrochemical
impedance spectroscopy (EIS). The EQCM can show the mass spectra to detect
the mass loss of electro-catalyst. The EIS can yield the information of the
performance loss by measuring surface resistance. The x-ray photoelectron
spectroscopy (XPS) can be used for checking the stability of oxidation state on

electro-catalyst surface.
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