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Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.

ACS BOOKS DEPARTMENT
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Preface

ELECTROCHEMICAL SURFACE SCIENCE has undergone rapid develop-
ment in recent years due to the adaptation of ultrahigh-vacuum- (UHV-)
based experimental techniques such as low-energy electron diffraction
(LEED), Auger electron spectroscopy (AES), X-ray photoelectron spec-
troscopy (XPS), and high-resolution electron energy loss spectroscopy
(HREELS). These techniques have allowed the establishment of a direct
correlation between the composition and structure of the electrode sur-
face and the mechanism of electrode processes. The adaptation of these
techniques has buttressed a variety of classical electrochemical techniques
that demand theoretical models in order to arrive at a semblance of
mechanistic features at the atomic level.

In addition to utilization of combined UHV and electrochemistry
(UHV-EC), the enormous growth witnessed in the past ten years can be
attributed to the inclusion of scanning tunneling microscopy (STM) and
atomic force microscopy (AFM) in the analytical arsenal. STM-AFM-
based data were employed to support or dispute earlier results from
purely electrochemical or UHV-EC techniques; stimulating scientific dis-
cussions ensued. The scientific debate about the mechanism of electrode
processes vis-d-vis the structure and composition of the electrochemical
interface subsequently spurred theorists to wade in and join the debate.

The motivation behind the “Symposium on Electron Spectroscopy
and STM-AFM Analysis of the Solid—Liquid Electrochemical Interface”
was to assemble in one place some major players in electrochemical sur-
face science. The obvious rationale was that such a gathering would help
distill and focus future work to issues deemed most critical to further pro-
gress in the area. The processes that were discussed at the symposium
included electrodeposition and electrocrystallization, passivation of metals
and alloys, anodic dissolution of metals and semiconductors, oxidation of
small molecules, assembly of semiconducting layers, hydrogen adsorption,
and charge transfer at surface-modified electrodes.

The wide scope of topics covered makes this book of particular
importance to new and established researchers in physical chemistry, elec-
trochemistry, interfacial science, and materials research. The subjects
treated also make the volume substantive reading for researchers in other
more applied sciences.

The volume contains 23 chapters. The first chapter is an overview of
the field. The three chapters that follow deal with molecular dynamic

xd
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simulations, phase transitions, and thermodynamics of the electrochemical
interface. The next seven chapters describe UHV-EC applications. The
next five chapters focus on strategies based on STM and AFM. The three
chapters that follow are unique in that they describe work that employed
tandem UHV-EC-STM-AFM. The closing four chapters provide exam-
ples of relevant data that can be obtained from spectroscopic and classical
electrochemical techniques.
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Chapter 1

From Electrochemistry to Molecular-Level
Research on the Solid—Liquid Electrochemical
Interface

An Overview

Gregory Jerkiewicz

Département de chimie, Université de Sherbrooke,
Sherbrooke, Québec J1K 2R1, Canada

Electrochemistry is often regarded as a classical domain of physical chemistry.
Indeed, a historical survey reveals that Volta invented the first battery already in
1800, known as the Volta pile, to produce electricity. Concurrently, Nicholson and
Carlisle constructed and applied Voltaic piles to conduct water electrolysis at
platinum and gold electrodes. These experiments performed in Italy and England
mark the origin of electrochemistry (/). It is apparent that right from the very
beginning, electrochemistry was becoming an empirical area of physical chemistry
with little understanding of the fundamental processes occurring at what became
known later on as the anode and the cathode. It was only in 1834 that Faraday
proposed two fundamental laws, discovered empirically, that defined the relation
between the amount of the deposited material, or evolved gas, and the quantity of
electricity passed through the electrolyte (2,3). The experimental work of the 1800's
led to the conclusion that the solution conducts electricity in a manner different than
the solid and that the region where the solution and the solid are in contact, the
interface, must have its particular properties. In 1806, Grotthuss postulated that
"galvanic action" polarizes water to such a degree that the elements can pass through
the solution in opposite directions, always remaining bonded to a partner until
released at the poles (the electrodes). This concept did not take into account the
necessity of charge transfer at the electrodes and was proven incorrect. Nevertheless,
it inspired Daniell and Miller to propose the first visual representation of the
electrified solid-liquid interface in 1844, Figure 1, which illustrates ideas about the
mechanism of conductivity in the electrolyte (/).

In 1879, Helmholtz recognized the importance of the electrical nature of the
solid surface being in contact with the electrolyte, related it to electrode processes,
and subsequently proposed a model of the electrical double layer, Figure 2a.
According to his concept, a negatively charged surface will attract positive charges
from the solution and vice versa, thus giving rise to a notion of a fixed (rigid) double
layer. Between 1910 and 1913, this idea was modified by Gouy and Chapman who
pointed out that the Helmholtz model neglected the Boltzmann distribution of the ions
present in the electrolyte. Their concept involved a diffuse double layer comprising
ions and solvent molecules and extending some distance from the solid surface,

© 1997 American Chemical Society
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Figure 1. Diagram given by Daniell and Miller in 1844 illustrating the ideas of
Grotthuss about the conductivity mechanism in the electrolyte and "the galvanic
action". In this model elements pass through the solution in opposite directions,
always remaining bonded to a partner until released at the poles. In 1, A is
bonded to B and e is bonded to f. In 2, A is being separated from B and e is
being separated from f. In 3, A is separated from B and e is separated from f.
This diagram is the first visual representation of the solid-liquid interface.
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Figure 2. Three models of the electrochemical interface: (a) the Helmholtz
fixed (rigid) double layer, 1879; (b) the Gouy-Chapman diffuse double layer
1910-1913; (c) the Stern double layer, 1924, being a combination of the
Helmholtz and the Gouy-Chapman concepts.
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Figure 3. General representation of the double layer taking into account
presence of oriented solvent molecules, adsorbed neutral species, cations in the
outer (diffuse) layer and specifically adsorbed anions, 1965 (Reproduced with
permission from reference 4).

Copyright © 1965 Ronald Press. Reprinted by permission of John Wiley & Sons, Inc.
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1. JERKIEWICZ An Overview 5

Figure 2b. The two distinct models were finally combined into a new model by Stern
in 1924 who recognized that the electrified solid-liquid interface comprised both the
fixed Helmholtz layer and the diffuse one of Gouy and Chapman, Figure 2c (4-7).

The invention of polarography by Heyrovsky in 1920's as a new experimental
method followed by detail theoretical treatment in 1930's which led to quantitative
interpretation of the polarographic current-potential transients marked a milestone in
electrochemistry (8,9). This technique permitted the electrochemist to interpret mass
transfer electrode processes in terms of diffusion or convection; it was subsequently
applied in studies of reaction kinetics. Although the technique was limited to
dropping mercury electrodes, its impact on electrochemistry and development of
novel electroanalytical techniques was so tremendous that the inventor was awarded a
Nobel Prize in Chemistry in 1959.

A new model of the double layer was developed by Parsons (/0) in 1954 who
took into account distribution of ions and solvent molecules in the double-layer. In
this model, cations are regarded as remaining outside a layer of strongly oriented and
adsorbed solvent molecules. The theory had the advantage of taking into account the
presence of adsorbed solvent molecules that had been neglected in previous theories
of the double layer. It took into account in a realistic way the presence of adsorbed
solvent molecules that had been neglected in the previous models. It also recognized
changes of the dielectric constant of the solvent, approaching the limiting Maxwell
value in the inner region (in the inner layer) and a higher value in the outer region (the
outer layer), Figure 3 (4,10-12).

In order to understand the interfacial behavior of adsorbed species at the
electrode surface, work was carried out on development of adsorption isotherms.
This approach although of pure thermodynamic nature led to evaluation of
thermodynamic state functions, the Gibbs free energy of adsorption, the entropy of
adsorption and the enthalpy of adsorption, which governed the electro-adsorption
process. Based on an analysis of the behavior of the Gibbs free energy of adsorption
versus the coverage by the adsorbed species one was able to assess the attractive or
repulsive nature of lateral interactions between the adsorbed species (/3,14).
Following the research on electrochemical adsorption isotherms, advancement was
made in understanding of the mechanism of interfacial electron transfer and the role of
the electrode potential, the double layer, temperature, the solvent effect, the reactant-
surface interaction in the process (/5-17).

In pursuit of comprehension of the relation between the electrode reactivity,
surface-chemical composition and structure, the electrochemist had to search new
experimental techniques which would provide molecular-level data inaccessible by
application of electrochemical techniques. It was realized that chemistry and physics
of the solid-gas interface had been enjoying a tremendous progress due to
development of ultra-high vacuum, UHV, based experimental techniques such as low-
energy electron diffraction, LEED, Auger electron spectroscopy, AES, X-Ray
photoelectron spectroscopy, XPS, and high resolution electron energy loss
spectroscopy, HREELS (/8-20). Employment of these powerful techniques to
electrochemical research by combining a UHV surface analysis chamber with an
electrochemical chamber provided first insights into the abundance of atomic-level
data (27-28). Doubts were raised with regard to the validity of the results on the
ground that the surface characterization was conducted on emersed electrodes, thus
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Figure 4. Contemporary model of the electrified solid-liquid interface taking
into account the electrode structure, specifically adsorbed anions in the inner
layer, structure of the solvent (here water) molecules at the electrode surface,
hydrated ions in the diffuse layer and the interfacial electron transfer, 1995
(Provided by and reproduced with permission of K. Itaya).
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in absence of the electrochemical environment employing presence of the electric field
and the electrolyte bulkk. Complementary experiments engaging other techniques such
as IR and Raman spectroscopies (29-3/), radiochemistry (32), chronocoulometry (33)
or X-Ray-based spectroscopies (34) dispelled most of the doubts and UHV-based
techniques were recognized as a powerful tool in studies of the solid-liquid electrified
interface.

Concurrently with employment of UHV-base techniques to electrochemical
studies on single-crystal surfaces, Clavilier (35) and Hamelin (36) developed and
mastered a new methodology which allowed to conduct experiments on well-defined
noble-metal electrode surfaces without expensive UHV apparatus. This novel
experimental approach was quickly applied in various research laboratories and led to
rapid growth of electrochemistry at well-defined surfaces (37).

Development of scanning tunneling microscopy, STM (38,39), and atomic
force microscopy, AFM (40,41), became a milestone in surface science. It was
immediately realized in the electrochemical community that one could conduct
simultaneously electrochemical and STM experiments taking advantage of a
bipotentiostat, a well-established device in the arsenal of electrochemical
instrumentation. Moreover, it was recognized that one could conduct coupled
electrochemical and AFM experiments without the need of a bipotentiostat normally
required in electrochemical STM, EC STM. These new techniques were originally
applied for verification of the atomic-level order of single-crystal electrodes during
cyclic-voltammetry, CV, measurements or the structure of under-potential deposited
metallic layers (42-46). Moreover, it became apparent that one could observe and
image surface-morphology changes upon polarization of semiconducting species
(47,48) or initial formation followed by 3D growth of metallic layers (49,50), thus to
visualize the hitherto not-well understood under-potential deposition,
electrodeposition and electrocrystallization. The versatility of these techniques was
so enormous that they quickly were put to use in studies of electrodissolution of
metals (corrosion), mechanism of growth of surface oxide films and morphology of
self-assembled monolayers (57).

In recent years, much attention was given to the role of neutral species and
specifically adsorbed anions on the structure of the electrochemical interface, the
electric field distribution in their vicinity and their role in electrocatalysis. EC STM
became a key experimental technique in providing insight into the structure of the
adsorbed neutral species or the specifically adsorbed anions copresent with under-
potential deposited metallic layers (52-54) and in supporting data on the anion surface
coverage based on chronocoulometry experiments (55-57). These structural results
derived from various experimental approaches have led to a contemporary model of
the electrified solid-liquid interface which is presented in Figure 4.

One of the most fundamental problems in electrochemical surface science is
distribution of the electric potential and the particles at the interface. The classical
model which prevailed until about 1980 treated the electrode surface as a perfect and
structureless conductor and did not take into account the surface electronic structure.
The electrolyte was considered as an ensemble of hard, point ions immersed in a
dielectric continuum. This approximation neglected the fine structure of the solvent
molecules and the solute as well as their discrete interactions. In recent years, much
progress has been made in providing a more realistic model of the solid-liquid
electrochemical interface by applying quantum mechanical theories to model the metal
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surfaces and statistical mechanics to describe the behavior of the electrolyte (58-67).
The solid electrode can be treated in term of the jellium model which treats the
positive charges of the metal ions as smeared out into a positive background charge
interacting with an inhomogeneous electron gas. This approximation does not take
into account any information on the surface lattice structure and it is applicable to
polycrystalline surfaces only (62). This approach can be further modified to describe
behavior of single-crystal surfaces by incorporating a lattice pseudopotential by
introducing the Ashcroft potential (58).

A good model of the electrolyte must describe the ions, solvent molecules and
their orientation at the molecular level. Molecular dynamics simulations that are
performed to visualize the orientation of the electrolyte molecules in the vicinity of
the electrode surface are based on a set of parameters that can be varied in order to
best described the properties of the system under investigation. The most reasonable
models for solvent-solvent and ion-solvent interactions consider distribution of point
charges on solvent molecules and take into account Lennard-Jones-type potentials
that are strongly repulsive at short distances. Molecular dynamics simulations are
typically performed on a system confined between two metal electrodes and the
number of confined ions and solvent molecules is often limited by the computing
power of modern computers. Some representative examples of results of such
calculations are given in ref. 60,63-68.

In summary, electrochemistry, to the large extent due to development of
electrochemical surface science, is undergoing renewed interest and application of
modern surface-science techniques, theoretical research and powerful molecular
dynamics simulations performed using state-of-the-art computing facilities make it
one of the most active areas of physical chemistry as accurately pointed out in ref. 69.
Improvement and modification of the existing theoretical models or development of
new ones will lead not only to more detail comprehension of the structure of the
electrochemical double layer but also to evaluation of such important parameters as
cohesive forces acting between the under-potential deposited species, or specifically
adsorbed anions, and the metal electrode, forces that are responsible for adhesion and
mechanical stability of this metal and semiconductor deposits (70,7/), an aspect of
vital importance to modern electrochemical technology. Finally, the role of hydrogen
as the fuel of the future should not be underestimated in the light of the ever-
increasing pollution. Thus research on development of rechargeable metal-hydride
batteries or hydrogen-based fuel cells seems to be a prospective direction in
electrochemistry (72,73). Yet, despite enormous experimental and theoretical efforts
spent on understanding of the interfacial behavior of hydrogen little is know about the
mechanism of its electrochemical interfacial transfer or about the role of the site
blocking elements (74), often referred to as surface poisons or surface promoters, in
inhibiting or enhancing H absorption into the host metal or alloy (75,76).
Comprehension of surface electrochemical processes at the molecular level is of vital
importance to advancement in design of non-polluting high-energy output batteries
and fuel cells which are substantial energy creating devices (77,78). Therefore,
electrochemical surface science still remains a discipline of physical chemistry where a
lot of pioneering research still can be done and discoveries can be made.
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Chapter 2

Molecular Dynamics Simulation of Interfacial
Electrochemical Processes: Electric Double
Layer Screening

Michael R. Philpott! and James N. Glosli

IIBM Almaden Research Center, 650 Harry Road,
San Jose, CA 951206099
2Lawrence Livermore National Laboratory, University of California,
Livermore, CA 94551—-9900

The status of computer simulations of electric double layers is briefly
summarized and a road map for solving the important problems in the
atomic scale simulation of interfacial electrochemical processes is
proposed. As examples efforts to simulate screening in electric double
layers are described. Molecular dynamics simulations on systems
about 4 nm thick, containing up to 1600 water molecules and NaCl
at 1M to 3M concentration, displayed the main features of double
layers at charged metal surfaces including: bulk electrolyte zone, dif-
fuse ionic layer that screens the charge on the electrode and a layer
of oriented water next to the surface.

This paper describes the application of molecular dynamics to chemical processes at
the interface between a charged metal electrode and aqueous electrolyte. The long
range goal is a scheme for the dynamics of chemical reactions on surfaces important
in the electrochemical technology of power sources, electroplating, and corrosion
control. The paper begins with a summary of our view of the current state of com-
puter simulation applied to interfacial electrochemistry. The status is accompanied
with a commentary on problems. To illustrate progress in the field we describe our
simulations of screening of charged electrodes by aqueous electrolytes, including
previously unpublished work. Double layers are some of the basic organizations
found in electrochemical and biological systems that shield fields of layers and arrays
of electric charge in contiguous structures. It is important to understand their prop-
erties using models that can be solved without making additional approximations.
In this paper the structure of the aqueous part of the double layer is given in terms
of time independent water and ion probability distribution functions averaged parallel
to the metal surface. Electric fields and potentials are calculated from the micro-
scopic charge density profile. These calculations provide a consistent microscopic
picture of ions and water in a double layer including the species next to the charged
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surface (inner layer), in the 'diffuse layer' (also called the screening layer) and in the
bulk zone. The effect of finite sized ions and water are clearly evident, as is the effect
of the electric field on the orientation of surface water molecules.

Status of Molecular Dynamics Simulations

Figure 1 (top) is a sketch of the electric potential using Gouy-Chapman-Stern
theory! in which the diffuse layer ions are treated as point charges, the water as a a
dielectric continuum, and OHP and IHP (outer and inner Helmholtz planes) are in-
troduced to mark the distance of closest approach of strongly hydrated ions and
contact adsorbing ions respectively. Figure 1 (bottom) shows a molecular scale car-
toon of ions and water near a flat charged metal surface. Ideas embodied by pictures
like this together with Gouy-Chapman-Stern theory and the thermodynamic theory
of surface excess quantities have been used to analyze and interpret experimental
electrochemical data2-5. The electric potential shown is not consistent with the car-
toon because an oriented layer of water would result in a strong oscillation in the
potential. The simulations described here and by others show such oscillations near
the electrode. They are not predicted by Gouy-Chapman theory. The advent of risc
based work stations allows the testing of atomic scale models with thousands of
molecules. Monte-Carlo and molecular dynamics computer simulations of ions and
water molecules interacting by simple potentials are routinely performed for a few

OHP, HP | =

Figure 1. Schematic diagram (top) of electric potential across the double layer
based on Gouy-Chapman-Stern model in which the solvent is a continuum
dielectric. The cartoon (bottom) depicts a hypothetical arrangement of solvent
and ions near a charged surface. Similar pictures are found in electrochemical
texts. The labels IHP and OHP mark the inner and outer Helmholtz planes.
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thousand water molecules for times up to several nanoseconds. We comment first
on electrostatics and potential energy surfaces before other issues.

Electrostatics. In bodies with large but finite numbers of charges, three dimensional
sums of electrostatic interactions (eg., ion-ion, dipole-dipole) can be decomposed into
separate bulk-like and surface-boundary parts. The latter part is responsible for the
phenomenon of conditional convergence when the size of the system is taken to in-
finity. For electrified interfaces it is essential that the long range part of the
electrostatic interaction be computed without truncation in a manner consistent with
the boundary conditions. For some geometries (eg., planar) the electric field of sur-
face charge can be calculated by the method of images. There is some evidence from
simulations on ions in polar solvents that truncated long range electrostatics result in
correlations that cause like charged ions to attract each other. The crystal optics
based methods of Ewald and Kornfeld are the simplest for calculating electrostatic
fields[6]. The algorithm works for all space group symmetries. At best this method
is order N' in the number of charges N. There are 2D summation methods that are
faster[7, 8]. In our simulations we use the order N fast multipole method (fmm)
developed by Greengard and Rokhlin [9-12]. This is a useful method for
electrochemical simulations where a variety of boundary conditions (periodic,
Dirichlet, Neumann or mixed boundaries) are encountered. It can also be adapted
so that regions of low charge density are not subdivided when the charge count falls
below a specified integer[11]. It is restricted to cubic simulation cells. The fmm is
faster than Ewald for systems exceeding a few hundred charges[13]. Particle-mesh
methods have been extensively used for long range ! potential problems[14]. For
most systems P>M is faster than fmm and can be used with orthorhombic simulation
cells[15]. Parallel metal surfaces have an infinite set of multiple electrostatic images
that have to be summed in plane-wise fashion[8, 16]. Recently we calculated dis-
tributions for jons between parallel metal plates held at a constant potential
difference[17, 18]. These distributions defined charge distributions that were used
to compute time independent electric fields and potentials across the cell. The effect
of additional averaging over space volumes comparable to water molecules was also
explored[19, 20]. Though most experiments are done at constant potential, there are
very few simulations at constant potential{17, 18].

Molecule-Molecule and Molecule-Metal Potentials. There are continuing im-
provements in molecule-molecule potentials. High quality efforts are directed at
improving the interaction, including electronic polarizability and other tensor prop-
erties[21, 22]. There are also potentials that include three body terms
explicitly[23]. Possibly the best atom-metal potential is due to Barker[24]. The
Barker potential for Xe/Pt(111) is an excellent fit to a large body of experimental
data. There have been numerous quantum chemistry studies of ions and water on
metal clusters some with applied fields and others on charged clusters to imitate the
electrochemical environment (for water references see Zhu[25], for ions on clusters
see Pacchioni[26]). So far only a few have been parameterized into forms that can
be easily used in an MD code[25, 27-29]. Electric double layers on Ag and Au are
thermodynamically stable over wide potential range[30]. It is unfortunate that sim-
ulations have focussed almost exclusively on Pt for which there is little experimental
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data. The reason is there is an easy to use set of potentials derived from quantum
chemistry calculations of small Pt clusters with adsorbed water and ions. In principle
cluster calculations performed with Cu, Ag or Au would be more reliable because
relativistic orbital contractions and spin orbit effects. are not so important in these
sp metals and because the d shell is more tightly bound. Recently several publica-
tions have reported cluster calculations for water and ions on Hg[31, 32] including
a parameterization to give a pair potential for MD studies.

Dynamics. There are calculations in which the metal is modeled as an Einstein solid
with harmonic vibrations[33). When surface molecules and ions are strongly
adsorbed molecular dynamics becomes an inefficient way to study surface processes
due to the slow exchange between surface and solution. In this case it is possible to
use umbrella sampling to compute distribution profiles[34, 35]. Recently the idea
underlying Car-Parrinello was used for macroion dynamics[36, 37] in which the
solvent surrounding charged macroions is treated as a continuum in a self consistent
scheme for the potential controlling ion dynamics. Dynamical corrections from the
solvent can be added. There is a need to develop statistical methods to treat the dy-
namics of complex objects that evolve on several different time scales.

Interfacial Electron Transfer. There have been several studies of electron transfer
reactions[17, 38]and the connection with Marcus's theory[39]. It may be possible to
use a Car-Parrinello like scheme on that part of the system directly affecting the
electron transfer. There has also been very interesting studies of the ferro-ferri redox
couple in solution[40, 41] that address many issues related to electron transfer from
an electrode to a hydrated ion. Slow processes can be treated by transition state
methods like the ones used in solid state ionic conductivity[42].

Ensembles. One goal of simulations is the calculation of experimental quantities.
The most challenging are the Gibbs free energies of adsorption. Currently there is
no proven scheme for constant chemical potential simulations of electrolyte
adsorption on metals. It seems possible to develop Andersen's method[43] for
(N,P,T) ensembles. Another possibility is an analog of the Gibbs ensemble[44] for
electrolytes between plates with a bulk sample forming the second phase. In an in-
teresting development the grand canonical Monte Carlo method was used for atomic
fluid mixtures in a slit pore[45, 46].

Road Map

The intention is modest though the title of this section sounds pretentious. Given the
current state of theory and simulation can we identify a path to useful computation
of reactions important to electrochemical technologies? The science problems cover
a broad range: deposition and dissolution of metal, formation of oxide layers, electron
transfer from electrodes to ions, and charge migration in complex fluid phases. We
comment first on the possibility of developing two existing methods, ab initio mo-
lecular dynamics and potential energy surface dynamics, to electrochemistry.

Ab Initio Molecular Dynamics. Chemical reactions involve the reorganization of
electrons about the nucleii involved in the bond changes. The ab initio molecular
dynamics scheme developed by Car and Parrinello[36] permits an accurate de-
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scription of both electronic and nuclear rearrangements that occur during a reaction.
The penalty for including electronic coordinates explicitly in an electrochemical
simulation is the restriction to relatively few water molecules. Liquid water and
proton transfer have been studied[47, 48]. The computational problem is immense
so that at present the study of hundreds of water molecules takes too long. This
number is quite enough for studying H-bonding and dissociation and the dynamics
of the hydration of ions but is insufficient to deal with double layer structure or re-
actions of hydrated ions with charged metals.

Potential Energy Surfaces. For systems where some or all of the dynamics can be
described by a potential energy surface (PES) it is possible to avoid solving the
electronic Schrodinger equation, and use instead a PES parameterized with exper-
imental data. Several cases already exist. First is the well known Sy2 reaction

cr + H3C—Cl - CI-CH:; + CI. [1]

The molecular dynamics of this reaction has been studied in water[49]. Another quite
different example is the Brenner bond order potential[SO] used to describe the dy-
namics of homolytic bond fission and formation in carbon and hydrogen containing
systems[51]. These two examples involve the making or breaking of two electron
bonds between low Z atoms. Explicit degrees of freedom for the electrons are
avoided though the use of a PES. In gas-surface adsorbate theory considerable
progress has been made understanding chemical dissociation reactions and physical
sputtering using a combination of LEPS potential for the diatomic on the metal with
a many body embedded atom-like potential for the metal[52]). The electrochemical
problems are harder. They involve charged metal surfaces, charge transfer in polar
environment and dynamics on vastly different time scales.

Road Map. Consider the deposition and dissolution of metal ions on charged sur-
faces. If systems can be identified where adiabatic potentials describe the nuclear
motion then by analogy with the experience gained with the dissociation of diatomics
on metal surfaces[52] and with carbon-hydrogen chemistry[53] it should be possible
to describe how metal ions adsorb on metals and how metals dissolve. A key step
is the calculation of surface charge on the metal and how it fluctuates at adatoms sites.
Solvated counter charge amplifies the fluctuations and increases the probability of
charge transfer at the site to a degree that metal deposition or dissolution
begins[54]. Continuing this avenue it should also be possible to formulate schemes
that describe the creation of insoluble metal oxide layers. This would require a model
for water decomposition on metals. The central force model which permits water
dissociation[55, 56], could be developed for a surface environment. Consider the
process where an electron crosses a bridging ligand to an ionic center or organic
moiety to a initiate chemical reaction. Some of these reactions could be studied by
treating the electron as a quantum particle moving in a potential defined by the
classical motion of molecules and ions in the double layer. Solvated electrons in
liquids have been studied this way. If the electron cannot be so easily decoupled then
a hybrid Car-Parrinello m-orbital scheme might be developed. Finally we comment
on ion mobilities in complex fluids in lithium batteries. Progress here may require
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ideas borrowed from small polaron motion in solids, using transition state dynamic
methods of Bennett[42], or using recent theories of macroion motions[37]. Though
we are presently a long way from providing technologically useful information, being
able to model aspects of these processes would provide atomic scale insight as to how
these technologies work.

Details of the Model

Screening is treated using the immersed electrode model[13, 57, 58]. A layer of
electrolyte with an excess of positive ions is confined by a semi-infinite metal on the
rhs and a restraining non-metallic wall on the lhs. There is no external electric field.
The metal is grounded to zero electric potential. The charge on the electrode equals
the image charge of the excess positive ions (-4e or -8e) so that the metal charge is
completely screened by the ions in solution. The difference between these and earlier
simulations [13, 57-60] is size, here there are enough ions and water to form a bulk
electrolyte region where the solution is locally neutral. Because there is only one
metal surface (shown on the rhs in all the figures) there are no multiple electrostatic
images in the direction perpendicular to the metal[8, 16]. The electric field and po-
tentials are calculated using previously developed methods[19, 20].

This work uses the SPCE water model[61] (three charged mass points, qy =
0.4238¢, bond angle 109.5°, OH bond length 0.1 nm, Lennard-Jones sphere with ra-
dius 0 = 0.317 nm and well depth €= 0.650 kJ/mole) and associated parameters for
NaCl[62]. The coordinate origin is at the center of the cell, and the axes are per-
pendicular (z) and parallel (x,y) to the metal surface. The simulation cell has edge
length L=3.724 nm, the flat metal plane is at z = 1.862 nm and the flat restraining
wall at z = -1.862 nm. The cell contains upto 1600 water molecules and the ion
concentrations are approximately 1M, 2M or 3M NaCl. The metal charge density is
either -0.046 Cm2 (-4eL-2) or -0.092 Cm2 (-8¢L2). Contact adsorption of ions is
minimized. The cation has a smaller radius than the anion, so its hydration shell is
strongly bound making it difficult for it to contact adsorb. The negative metal charge
makes it energetically unfavorable for the anions CI" to contact adsorb.

Two potentials are used to describe the interaction of water and ions with the
metal. A 9-3 potential is used to for the Pauli repulsion and the attractive dispersive
interactions between molecules or ions and the metal. The interaction between a
charge on an ion or water with the conduction electrons of the metal is modeled with
a classical electrostatic image potential. The position of image plane and origin plane
(same as the plane through nuclei of the surface) of the 9-3 potential was taken to
be coincident. In real materials the image and nuclear planes are not coincident.
This is not important in the simulations because the thickness of the repulsive wall
is large (ca. 0.247 nm). The 9-3 atom-surface wall parameters describing interaction
with nonconduction electrons were chosen to be the same as that used by Lee
etal[63], A=17.447x10"¢ kJ(nm)®/mole and B=76.144x103 kJ(nm)*/mole for the O
atom. The A and B parameters for H were set to zero. The potential corresponding
to these parameters describe a graphite-like surface. A useful reference point in the
wall potential is at z,=1.615 nm where the 9-3 wall potential changes sign. Each
simulation was run for about a nanosecond, and the instantaneous positions of all the
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atoms recorded every picosecond. The first 100 ps were discarded as anneal time.
The density probability functions p(z) were constructed by binning the configurations
in bins (width L/800) parallel to the metal surface to give functions of z only.

Screening of Charged Metal Electrodes in SPCE Electrolyte

We begin with remarks on the screening of charged surfaces by aqueous electrolytes.
At high salt concentrations the region with excess ionic charge is microscopically
small. For dilute solutions (<0.1M) a crude estimate of the screening zone thickness
is given by the Debye-Hiickel screening length[64]

d=‘\/ (ekT/(8Renyv) [2]

Here ¢ is the macroscopic dielectric constant of the solvent (ca. 80 for water), v the
valence of the ion (one in this paper), and n, is the bulk concentration of the ions.
Typical values of d are: 3 nm in 0.01M, 1 nm in 0.1M, 0.3 nm in 1.0M, and 0.2 nm
in 3M NaCl solutions. In high salt concentrations the screening should be more ef-
ficient and the screening length smaller, but since the length for 1M NaCl is the di-
ameter of a water molecule, and the value for 3M NaCl is even smaller, these values
mean nothing without the additional insight provided by MD simulations. At high
concentrations there are many problems with simple Gouy-Chapman theory[65-67]
and many modifications have been proposed[64]. There are three main problems: the
dielectric constant of water in a high surface field, the lower length scale due to the
finite molecular size, and correlated motion amongst ions and water. For example
there is no reason to believe that the value of € is 80 near a surface or in a field high
enough for dielectric saturation to occur. This aspect has been discussed many times
in the electrochemical literature[68]. Though we take the Debye length for concen-
trated solutions as an rough measure of double layer thickness, we should be very
cautious when d approaches the size of a water molecule.

Figure 2 shows the distribution of the ions for three separate calculations with
concentrations 1M, 2M and 3M NaCl. The charge on the electrode was -4¢ for 1M
and 2M and -8e for 3M. The temperature was 30°C for 1M and 2M, and 100°C for
the 3M NaCl solution. Note that there is no significant contact adsorption. All the
peaks in the ion distributions occur away from the position of closest approach
z=1.612 nm to the metal. This is precisely the situation we contrived for the reasons
given before. The ion concentrations are approximately the same for Izl < 1.0 nm.
This identifies the region of the system with bulk electrolyte properties. For Izl < 0.5
nm the two ion profiles are the same within 10 to 20%, for all the simulations. The
bulk region is smaller for 1M NaCl because the screening layer is thicker. The in-
tegrated ion densities are monotonically increasing curves in Figure 2. They provide
a rough measure of overall charge neutrality from the restraining wall to the metal.
The vertical arrows indicate roughly where the ion charge densities start to diverge
because of screening. Also shown in Figure 2 are the results of a calculation of ion
densities using simple Gouy-Chapman theory. For optimal comparison the electrode
was assume to start at z=1.612 nm. These superimposed curves show how lack of
atomic scale structure limits the application of Gouy-Chapman theory. This is
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graphic evidence that there are important details in MD simulations due to hydration,
molecular size, and water layering near charged surfaces. In each case the width of
the screening layer is too small to justify the description as 'diffuse’ (though we will
continue to use this term). To estimate the diffuse layer width we measure from the
z=1.615 nm (where wall potential changes sign) to the point where the difference in
integrated ion densities is e~ of the metal charge (8¢ for 3M, 4e for 1M and 2M).

—
—

(0]
o

NaCl soln

—— e —— — ——

3M

H
o

Probability p / nm™
S
o

-1.0 0.0 1.0
Distance z / nm

Figure 2. Ion probability distribution profiles for IM to 3M NaCl solutions.
Solid line Na* ion, broken line CI. 1M and 2M solution at 30°C and -4e
electrode charge, 3M solution at 100°C and -8e electrode charge. Vertical dash
lines at Izl=1.615 nm mark where the 9-3 wall potential passes through zero, and
beyound which water and ions are repelled. Inclined curves rising monotonically
from left to right are the integrals of the corresponding ion distributions.
Gouy-Chapman theory ion profiles shown as 'flat' curves for Izl < 1.615nm that
rise (Na*) or fall (CI") for z > 1.0 nm.
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For the solutions we find: 0.5 nm (0.31 nm) for 1M, 0.4 nm (0.24 nm) for 2M, 0.2
nm (0.18 nm) for 3M. The Debye shielding lengths calculated using Eqn(2) are in
parentheses. Made with these favorable assumptions the agreement is remarkably
close. It would change if we used € = 6, a value more appropriate for a zone in which
the dielectric properties of water are at saturation values[68].

Looking at the fine structure in the density profiles we see that on the metal side
all the chloride distributions have weak features at ca. 1.2 nm and 1.4 nm. Both
appear to be associated with peaks in the cation distribution and may therefore be
due to contact pairs or solvent separated pairs. Of course the SPCE model for water
was not designed with high salt concentrations in mind, so the ion pairs may be more
a feature of the model and not nature. Correlation between ions at high salt con-
centrations alter the distribution near the charged surface. Note that there is no as-
sociation of oppositely charged ion peaks at the left wall in Figure 2.

1M NaCl Solution

‘Figures 3, 4 and 5 show the results of an MD simulation using 1M NaCl solution.

The simulation cell contains 32 Na* ions, 28 CI" ions, and 1576 water molecules at
30°C. The electrostatic charge on the electrode surface due to the difference in
number of positive over negative ions is -4lel or -0.046 Cm2. The top panel in Figure
3 shows the probability density profiles for the water proton, water mass center,
Na* ions and CI" ions. Both ion distributions have been smoothed to permit clearer
identification of variations in density with position. We saw in Figure 2 the near
coincidence of the integrals of the ion density for z < 0.7 nm which shows that the
electrolyte is approximately charge neutral before this point. For z > 0.7 nm the in-
tegrated densities systematically diverge as expected for a transition from the locally
neutral 'bulk’ electrolyte into the 'diffuse’ part of the electric double layer. The Na*
ion distribution shows well defined structure in the form of a broad peak at ca. 1.1
nm, and a sharp peak at 1.4 nm. The water and proton distributions appear flat for
lzZl < 0.8 nm. On the metal side the water probability distribution has peaks at 0.9
nm, 1.2 nm, and a strong asymmetric peak at 1.6 nm. This latter feature is a super-
position of a broad feature at 1.5 nm and a narrow peak at 1.6 nm. The peaks in the
H distribution are at 0.9 nm, 1.2 nm, 1.55 nm, and ca. 1.7 nm. The last peak at 1.7
nm comes from protons in water OH bonds pointing at the metal.

The bottom panel in Figure 3 shows the potential calculated using the atom
method, and the components of the potential calculated by the molecule
method[19, 20]. The potential at the metal surface is about -2V. The potential in
the 'bulk-like' zone comes mainly from the water quadrupole. This is a sensitive
feature of the water model. Most water models are parameterized on bulk properties
and not sensitive to changes in quadrupole. The electronic polarizability has been
included in a average way. Tuning the properties of the water model to correctly
account for these subtle effects is an important goal of future research. The monopole
curve is from the ionic charge. If the system were truly neutral then the monopole
curve would be flat and zero all the way to the beginning of the diffuse layer. The
transition to monotonic decrease starting near z = 0.7 nm is another indicator of where
the diffuse layer begins in this simulation. Note that combined monopole and dipole
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Figure 3. 1M NaCl solution at 30°C and -4e electrode charge. Top. Probability
distribution profiles across the cell for H atom, water, and ions N* and CI.
Bottom. Total electric potential and component (monopole, dipole, combined
monopole plus dipole, quadrupole and octopole) electric multipole potentials.
The total potential was calculated from the total electric charge distribution. Note
that though the monopole and dipole components go off scale their sum is finite
and weaker than the quadrupole component of the potential for the SPCE water.
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Figure 4. 1M NaCl solution at 30°C and -4e electrode charge. Detail of indi-
vidual. electric multipole component potentials shown in Figure 3 (bottom) for z
> 0.8 nm.
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Figure 5. 1M NaCl solution at 30°C and -4e electrode charge. Total micro-
scopic electric charge density and total electric field obtained by integrating the
former.
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potential curve m+d shows that the dipole potential almost completely compensates
the monopole. Adding the quadrupole to m+d shifts the core region downwards by
3V and brings the molecular calculation of potential into fair correspondence with the
atom method of calculation. Adding the octopole improves the agreement at the
walls. The molecular method has larger extrema near the surface compared to the
atom method. The reason for this is the need to include many high order multipoles
in the molecule method. However the contact potential is the same in each case since
it depends only on m and d[69].

Figure 4 shows a detail of the the potentials shown in Figure 3 (bottom) for the
region z > 0.8 nm. We note that the monopole and dipole determine the potential
at contact. The quadrupole potential is very important in bulk and at the surface.
The octopole potential is important near the surface. In the future as’ water models
improve it will be very important to include these terms. Obviously the surface po-
tential relative to bulk solution must include the quadrupole term. Figure 5 shows
the atomic charge density and the electric field along the z axis. Note that the charge
density appears flat for Izl < 0.8 nm. The contribution from the ionic charge for z >
0.8 nm is not evident because the charge on the water molecules dominates. The
electric field was obtained by integration of the charge density from -co to position
z. The field is flat with small variations around zero in the region |zl < 0.8 nm. Near
the metal the electric field undergoes a series of rapid oscillations due to the water
packing structure at the interface. The small overall rise in field from bulk to surface
is due to the excess Na* charge in the screening layer. The oscillation near z = -1.615
nm is due to layering at the restraining wall. This is an unwanted artifact of the
immersed electrode model. It does not occur if the water density is decreased to the
point that a vapor-liquid interface opens up at the restraining wall. Space prevents
discussion of emersed electrodes[70, 71] which have a vapor-liquid interface[72-74]
and a liquid-solid interface[75].

2M Na(Cl Solution

Figure 6 shows the results for a 2M NaCl solution at 30°C. There are 62 Na ions,
58 Cl ions and 1516 water molecules, the image charge on the electrode is -4lel. The
cation and anion concentrations are approximately the same for Izl < 1.0 nm. The
bulk region appears larger than in 1M NaCl solution consistent with narrower
screening zone. There are many similarities between Figures 3 and 6. The detailed
proton and water profiles for z > 1.4 nm look the same. The bottom panel in Figure
6 shows the total potential calculated using the atom method, and the components
of the potential calculated by the molecule method. The contact potential is about
-2V, just the same as in the IM case. The difference between 1M and 2M come
mainly from the ion distributions and their direct interaction with the waters. Thus
the monopole and dipole potentials are different, but since as already seen for 1M,
they cancel each other, the main contribution to the total potential in the bulk region
comes from the quadrupole. The water distributions for 1M and 2M are also similar
and so are the potentials which come from water. Again if the system were truly
neutral the monopole curve would be flat all the way to the edge of the diffuse layer.
It is flatter than the 1M case and oscillates about zero before diving down to large
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Figure 6. 2M NaCl solution at 30°C and -4e electrode charge. Top. Probability
density distribution profiles across the cell for H atom, water, Na* and CI ions.
Bottom. Total electric potential and component multipole potentials. Total po-
tential calculated by atom method (see text). Note that the combined monopole
and dipole components give a flat contribution across most of the cell. Octopole
potential not displayed for clarity.
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negative values for z > 1.2 nm. A key observation is the dependence of m+d on
position. In all the simulations the m+d potentials are similar even though m and d
are not. The transition to monotonic decrease starts near z = 1.2 nm is another in-
dicator of where the diffuse layer begins in this simulation. Including the quadrupole
shifts the 'core' region down by -3V and brings the molecular calculation of potential
into correspondence with the atom potential.

3M NaCl Solution

Figure 7 displays the results for 3M NaCl. There are 94 Na ions, 86 Cl ions and 1463
water molecules at 100°C, and the charge on the electrode is -8lel or -0.092 Cm2.
Calculations at high temperature were originally selected to improve the statistics.
Subsequently the temperature dependence in the range 30 to 100°C was found to be
weak. The Na* screening charge is concentrated in the peak at 1.45 nm less than
one water diameter removed from where the 9-3 wall potential passes through zero
(z,, = 1.615 nm). The peak in the cation distribution results from the strong primary
hydration shell of the cation. The solvent layer at the electrode also effects the po-
sition and shape of the cation distribution near the metal. Note that for |zl < 1.0 nm
the cation distribution is approximately flat at 30 ions nm™!. There is also a small
peak on the left hand side at ca. z = -1.4 nm, that is not associated with screening
but is likely due to layering of the water molecules at the restraining wall. The
chloride probability distribution has no major structural features, certainly none like
the Na* screening peak at z = 1.45 nm. Starting from the metal on the right side of
Figure 1, the chloride ion distribution rises to a plateau for Izl < 1.00 nm. The
chloride and sodium ion probabilities are sufficiently similar across the plateau region
for us to call this the bulk zone. This 3M NaCl simulation has the best statistics, as
can be seen by the degree of local charge neutrality (ion densities are the same), and
very nearly equal integrated densities shown in Figure 2. The metal charge is twice
that of 1M and 2M creating a stronger surface electric field, which results in more
oriented waters in the first layer. The height of the proton peaks either side of the
main water peak suggest that some H bonds to the bulk region are broken and that
OH bonds point directly toward the metal. This electric field effect is distinct from
localization of water on Pt(100) and Pt(111) surfaces in the simulations of Heinzinger
and Spohr[27], and Berkowitz[28, 29]. In these papers water is localized on top sites
of the Pt surface due to directed features in the chemisorptive potential.

The bottom panel of Figure 7 shows the potential calculated using the atom
method, and some of the components of the potential calculated by the molecule
method. The contact potential is larger due to higher electrode charge. Once again
the importance of quadrupole terms is apparant. The m curve due to the ionic charge
hovers around zero for z < 1.4 nm. The monopole potential is quite flat outside the
screening layer. The transition to monotonic decrease starting near z = 1.4 nm is an
indication of where the diffuse layer begins. Again m+d shows that the dipole po-
tential completely compensates the monopole outside the screening zone. Including
the quadrupole shifts the core region by -3V and brings the m+d potential into closer
correspondence with the total potential calculated by the atom method.
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Figure 7. 3M NaCl solution at 30°C and -4e electrode charge. Top. Probability
density distribution profiles across the cell for H atoms, water, Na* and CI" ions.
Bottom. Total electric potential and component multipole potentials. Total po-
tential was calculated by atom method (see text). Note that monopole and dipole
potentials are flat across most of the cell because the screening zone is narrow
for 3M NaCl solution. Octopole potential not displayed for clarity.
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Conclusions

In this paper we briefly reviewed the status of MD simulations of electrochemical
interfaces and outlined a map of how calculations might further contribute to under-
standing technology. As an example of current simulation capability we discussed
the structure of electric double layers for systems with 1500 water molecules and salt
concentrations from 1M to 3M NaCl. Water structure near charged metal walls is
not an artifact of small size. In 1M NaCl the double layer is about 1 nm thick (about
three layers of water) while in 3M solution the screening layer was narrower than a
water molecule. Water layers at the surface significantly affected the distribution of
ions near the metal, creating features in the probability distributions that are not
describable in the Gouy-Chapman-Stern model.
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Chapter 3

Computer Simulation of the Structure
and Dynamics of Water Near Metal Surfaces

E. Spohr

Abteilung fiir Theoretische Chemie, Universitit Ulm,
Albert-Einstein-Allee 11, D—89069 Ulm, Germany

Structural and dynamic properties of pure water in contact
with uncharged realistic metal surfaces are obtained by molec-
ular dynamics simulations. The influences of adsorption en-
ergy, surface corrugation, electronic polarizability and surface
inhomogeneity are investigated. The adsorption energy of wa-
ter on the metal surface is found to be the most important
parameter.

Computer modeling of electrochemical interfaces has become a well-established
branch of interfacial electrochemistry. In recent years the interest shifted from
studies of pure water near smooth model walls to increasingly realistic models
of the metal phase (e. g., [1-11]), the properties of electrolyte solutions near the
interface (e. g., [12-24]), and to free energy studies within the framework of the
Marcus theory of electron transfer (e. g., [20, 25-27]), partial charge transfer [28]
and ion transfer reactions [29].

It has been recognized that the structure of water near the interface de-
termines the adsorption behavior of ions on the metal surface in specific ways
[24, 30, 31]. Therefore, realistic models of the metal phase are needed in order
to describe the inhomogeneity and orientational anisotropy in the aqueous phase
adequately. Contrary to the situation for bulk liquid where reliable interaction
potentials, from empirical parametrizations or from ab initio calculations, are
available, the quantum chemical description of interactions between molecular
adsorbates and metal substrates poses substantial problems due to the complex-
ity of the system. Systematic studies contribute to the understanding of the key
factors that determine the structure and dynamics at the electrochemical inter-
face. In the present work the influence of water adsorption energy (for many
transition metal surfaces a known experimental quantity [32]), surface corru-
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gation, surface inhomogeneity (exemplified by the liquid mercury/liquid water
interface), and electronic polarizability is investigated.

Models

Geometries. The simulation of isolated interfaces is not possible. In every
simulation at least two interfaces are present. Various system setups are possible.
Conceptually simple is an alternating arrangement of liquid and solid phases with
the minimum number of two equivalent interfaces, the properties of which can be
averaged (Figure la). When applying periodic boundary conditions in all three
directions of space this setup corresponds to a stack of infinitely many alternating
thin liquid and solid slabs, which are infinitely extended in two dimensions (usu-
ally the z and y dimension). A rigorous treatment of the long-range interactions
present in the liquid phase by, e. g., the Ewald method would, however, yield an
undesired coupling of the different liquid slabs in such a system. Therefore, for
the computation of the Coulomb interactions periodic boundary conditions are
only to be taken into account in two dimensions, which is computationally mere
demanding than in three dimensions. If the solid phase is rigid and thick enough
so that the water-metal interactions are fully converged such a system is equiva-
lent to one with four interfaces, two vacuum/solid and two solid/liquid interfaces
(fig 1b). In many cases it is convenient to simulate the liquid/solid interface to-
gether with a liquid/gas interface. In order to avoid the ’loss’ of molecules from
the liquid state into an infinitely large gas phase, the latter is confined on one
side by a smooth wall. Such a system also consists of 4 interfaces, namely vac-
uum/solid, solid/liquid, liquid/gas and gas/wall (Figure 1c).. All arrangements
have been used in the literature.

Potential Functions. In the studies discussed here the rigid TIP4P [33] and
the flexible BJH [34] water models are used to model the water-water interactions.
Both potential functions have been tested and used in many studies of the bulk
phase of water and aqueous solutions.

Water-metal interactions consist of a non-electrostatic part and an electro-
static part that determines by and large the response of the metal to the charge
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afl N B ‘ b c ’?
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Figure 1: Geometries for simulations of liquid/solid interfaces. S, L, G, V,
and W denote a solid phase, liquid phase, gas phase, vacuum, and confining
wall, respectively.
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distribution in the liquid phase on the basis of image charge interactions. The
non-electrostatic part of the water-metal interactions describes the adsorption
energy, adsorption site and geometry, and the surface translational modes on the
basis of a set of pairwise additive functions between the atoms of the metal lattice
and the atoms of the water molecule. Models for a vibrating Pt(100) surface, a
rigid Hg(111) surface, a liquid mercury surface and an external potential with
the periodicity of the Ni(100) surface have been used.

In the case of the Pt(100) surface the interaction potential is derived from
semiempirical quantum chemical calculations of the interactions of a water mole-
cule with a 5-atom platinum cluster [35]. The lattice of metal atoms is flexible and
the atoms can perform oscillatory motions described by a single force constant
taken from lattice dynamics studies of the pure platinum metal. The water-
platinum interaction potential does not only depend on the distance between
two particles but also on the projection of this distance onto the surface plane,
thus leading to the desired property of water adsorption with the oxygen atoms
on top of a surface atom. For more details see the original references [1, 2]. This
model has later been simplified and adapted to the Pt(111) surface by Berkowitz
and coworkers [3, 4] who used a simple corrugation function instead of atom-atom
pair potentials.

The mercury-water interaction potential is derived in a similar manner from
Hartree-Fock calculations of the interaction of a water molecule with 9-atom
mercury clusters [36]. Potential functions fitted to the ab initio data were used to
calculate the interactions of water molecules with a lattice of mercury atoms [7].
During the simulation this lattice was either kept rigid (Figure 6 and Figure 7)
or the liquid water/liquid mercury interface was simulated (Figure 3).

A third model (termed ’model III’ below) describes the metal surface as an
external potential function [37], similar to the approach taken by Berkowitz in
the case of the platinum surface (3, 4]. The external potential consists of a
Morse function plus a corrugation term for oxygen-surface and a repulsive term
for hydrogen-surface interactions:

Vwater—surface = Vo(Xo0, Yo, o) + VH(ZHI) + VH(ZH2) (1)
with

Vo(x,y,2) = Do lexp(—20o(z — 21)) — 2 - exp(—Po(z — 21))]

+ - Doexp(-2Bo(z — 1)) - [cos (HZI) + cos (l(zy)] (2)

and
Vu(x,y,2) = - Doexp(—28u(z — 22)) - 3)

All parameters can be varied systematically but with the exception of Do all
parameters have been kept fixed in the different runs reported here. o = 0.1
(except in Figure 5), y = 0.2, 2, =0 A, 25 = -4 A, o = By = 1 A7, and the
box lengths L, = L, = 18 A. The corrugation (described by the parameter a) is
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felt only in the repulsive part of the Morse potential function and has a periodicity
of 3.6 A in both directions parallel to the surface, roughly corresponding to the
periodicity on a Ni(100) surface. With the hydrogen-surface interactions being
weakly repulsive (as characterized by positive v), binding occurs predominantly
through the oxygen atoms. This is in keeping with the other models of transition
metal surfaces and ab initio calculations of water-metal interactions [35, 36, 38-
41). As o and v are small, Dy is very nearly equal to the average adsorption
energy of the water molecule. This external-field model of the interface makes it
possible to easily vary key surface parameters in order to bring the adsorption
behaviour of water into agreement with experimental evidence (e. g., [32]) for a
particular metal surface. A similar route has been taken in [9].

In addition to the nonelectrostatic water-metal interactions, the response of
the metal to the charge distribution in the liquid phase is taken into account by
introducing image interactions. The static image plane is located at z = 0 for
the platinum and mercury simulations and at z = —3 A for the model III case.
Electrostatic interactions have been calculated by means of a tabulated form
of the two-dimensional Ewald summation. All simulations were performed at a
temperature of 298+5 K. For the flexible BJH water model the Verlet algorithm
with a time step length of 0.5 fs has been used, for the rigid TIP4P model the
SHAKE algorithm with a time step of 2.5 fs.

Structure and Dynamics of Interfacial Water

Density Profiles. The interfacial water structure can be well characterized by
the density profiles of oxygen and hydrogen atoms. The density profile is defined
as the probability density to find an atom at a given distance from the surface,
relative to the probability density of finding it at any place in the homogeneous
bulk liquid. It thus describes the correlations between the phase boundary and
the atoms. In interfacial problems, it plays a similar role as the pair correlation
function in bulk liquids which describes the correlations between atoms. Like
the pair correlation functions in the bulk, the density profile can be calculated
by analytical theories based on a hierarchy of integral equations [42, 43]. It can
also, at least in principle, be determined experimentally by X-ray reflectivity
measurements {44, 45]. In the following we investigate the dependence of the
density profile on the adsorption energy, the differences between liquid/liquid and
liquid/solid water/mercury interfaces, the differences when using unpolarizable
and polarizable water models, and the effect of corrugation.

Dependence on Adsorption Energy. The models described in the pre-
vious sections have been obtained either by adjusting an empirical potential
function to available experimental data like adsorption energies and/or adsor-
bate frequencies, or by fitting of some set of analytical potential functions to
semiempirical or ab initio quantum chemical calculations. Because the metal
atom clusters in these calculations are small, and because of the semiempirical
nature [35] or the neglect of electron correlation in the Hartree-Fock calcula-
tions [36] the interaction potentials can be regarded, at best, semiquantitatively
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correct. From UHV experiments, the adsorption energies of water on various
transition metal surfaces are known experimentally [32]. It is, therefore, illus-
trative to investigate the changes in water structure with increasing adsorption
energy. Model III described by egs. (1-3) has been used, since the adsorption
energy can be scaled easily in this model by scaling the parameter Do.

Figure 2 shows the oxygen density profiles for four values of Do equal to 12,
24, 36, and 48 kJ/mol. In the inset, the height of the first (diamonds) and second
peak (crosses) of the density profile are shown for the pure water simulations cor-
responding to these values of Dy and several intermediate ones. A monotonous
increase of peak heights is observed with increasing adsorption energy. Both
curves level off at high adsorption energies. At low adsorption energies, peak
heights approach 1 for Do — 0. This is in keeping with the observation that
only small density variations are observed in simulations of water in contact with
weakly attractive surfaces (see e.g. [46, 47]). The experimentally accessible ad-
sorption energy of water on a transition metal surface can thus be regarded as
an indicator for the degree of local structuring in the vicinity of the interface.

The density profiles obtained from “realistic” atomic models (platinum [2]
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Figure 2: Normalized oxygen density profile perpendicular to the surface
from simulations of pure water with adsorption energies of 12, 24, 36, and 48
kJ/mol (from bottom to top). The lower curves are shifted downwards by
0.5, 1.0, and 1.5 units. The inset shows the height of the first (diamonds)
and second peak (crosses) as a function of adsorption energy.
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and rigid mercury surfaces [7]) are qualitatively the same. Height and width
are correlated with the depth and force constant of the interaction potential. A
similar correlation holds for smooth interfaces (see [48] and references therein).

Liquid Water/Liquid Mercury Interface. In experimental studies the
liquid mercury electrode has been prototypical for a long time. Modeling the lig-
uid mercury electrode is complicated by its liquid nature, which requires knowl-
edge of mercury-mercury interactions. The liquid mercury/liquid water interface
was investigated by Heinzinger and coworkers [8, 22] using a pseudopotential
ansatz.

Figure 3 compares the oxygen and hydrogen density profiles for the interface
between pure water and rigid mercury (solid lines; taken from [7]) and water and
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Figure 3: Oxygen (top) and hydrogen (bottom) density profiles of water near
arigid mercury crystal (full line) and near liquid mercury (short dashes). The
long-dashed curves are the convolution of the density profiles near the rigid
crystal and the first maximum in the liqud mercury density profile according
to eq. 4 and 5. the dashed curves are shifted downward by one or two units
for better legibility.
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liquid mercury (short dashes; taken from [8]) The features of the water density
profiles at the liquid/liquid interface are washed out considerably relative to
those at the liquid/solid interface. However, in the first layer this effect is almost
entirely due to the roughness of the mercury surface: not all mercury atoms at
the interface are in the same plane (at z = 0) but cover a range of approximately
1.3 A (see Figure 1 in [8]). The width is larger than the width of the oxygen
and hydrogen peaks near the solid surface. Consequently, in order to compare
the liquid/liquid with the liquid/solid interface, the density distribution near the
rigid surface must be convoluted with a width function w(z) due to the mercury
motion according to

i) =[ : p(#)w(z — )dz. (4)

The width function is the normalized shape of the first mercury peak in the
density profile, approximated as a Gaussian distribution of width o = 1.3 A

o= 7

The convoluted density profiles are plotted in Figure 3 as the long-dashed curves.
The convolution accounts for almost all the structural differences in the range
z < 5 A. The heights of the first peaks of the oxygen and hydrogen density
profiles after convolution are identical to those of the respective functions at
the liquid/liquid interface. The intermediate maxima in the hydrogen density
profiles around 4.3 and 5.1 A vanish. Only in the second layer there are slight
structural differences; the second peak is further away in the simulation of the
liquid/liquid interface than in the corrected function.

exp[—2(z/0)?]. (5)

Influence of Molecular Polarizability. Apart from the non-additive
short-range intramolecular chemical interactions describing stretches, bends, and
torsional motions, the most important many-body effect in polar liquid are induc-
tion interactions described by the dipole polarizability. The effective potential
approach that is usually employed in liquid state simulations (see, e. g., [49])
works reasonably well as long as the microscopic electric fields are, on average,
isotropic and independent of the local environment of the molecule. Recently it
has been recognized that polarizable models are essential for the description of,
e. g., ion solvation dynamics since the strong electric fields in the hydration shell
of ions vary considerably with distance leading to a rather wide distribution of
average molecular dipole moments. Since strong anisotropic electric fields can
occur also in the vicinity of a metal electrode, the effect of the polarizability on
the interfacial water structure cannot be neglected a priori. We have performed
[50] comparative studies of the nonpolarizable TIP4P water model [33] and its
polarizable extension [51] near the uncharged solid mercury surface and near the
uncharged interface described by model III.

In Figure 4 the oxygen density profiles of the polarizable and the unpolar-
izable TIP4P model are compared for a film of water adsorbed on a model III
surface (Do = 30 kJ mol™!). Near the metallic interface on the left the density
profiles are almost identical. The liquid / gas interface on the right appears to
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Figure 4: Top: Oxygen density profile of polarizable (solid line) and un-
polarizable TIP4P water (dashed) in a water film near a model III surface.
Bottom: Distance dependence of the average molecular dipole moment of
the polarizable TIP4P water in the same system. The lower line indicates
the gas phase dipole moment of water, the upper one the dipole moment of
unpolarizable TIP4P water.

become slightly wider with the polarizable model. The bottom part of the figure
shows the distance dependence of the average dipole moment of the polarizable
water molecules. The dipole moment near the metal surface is almost unchanged
relative to the bulk phase. The range of the decrease from the average liquid
state dipole moment (& 2.35 D with this model) to the gas phase value of 1.85
D is of the order of 10 A.

The Influence of Surface Corrugation. Figure 5 shows the dependence
of the oxygen density profiles in contact with a model III surface on the extent
of surface corrugation. The top part shows the results for adsorption energy
parameter Dy = 12 kJ mol~!, and in the lower part the results for Dy = 30
kJ mol~! are given. The corrugation parameter o is chosen as 0 (solid line),
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Figure 5: Top: Oxygen density profile of TIP4P water for a water film near
a model (100) surface at adsorption energy do = 12 kJmol™! for different
corrugation parameters & = 0 (solid line), 0.1 (dashed) and 0.2 (dotted) (for
definition see section ). Bottom: The same curves, except for dy = 30 kjmol~!.

0.1 (dashed), and 0.2 (dotted). & = 0 corresponds to a completely flat surface.
Typical corrugation energies on metal surfaces are estimated to be of the order
of 20 % of the adsorption energy [32], corresponding to & = 0.1 (in eq. 2). At
small adsorption energies, the density profile is rather insensitive up to 20 %
corrugation. At high corrugation a shift of the maximum to smaller distances is
observed. The shift to smaller distances is a feature of the potential model used.
The corrugation acts only on the repulsive branch of the water-surface potential,
thus leading to a shift in the potential minimum. At the higher adsorption energy
the density profiles are more sensitive to the value of o, mostly because a given
value of o translates into a larger absolute energy difference between different
sites. For @ = 0.2 the first maximum splits because the differences in equilibrium
distances for different sites on the surface become too large.

Interfacial Polarization. The orientational structure of water has been in-
vestigated in most studies of aqueous systems in inhomogeneous environments.
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Almost everywhere a preference for orientations in which the water dipole mo-
ment is more or less parallel to the interface has been observed. The driving force
for the avoidance of orientations that can lead to surface electrostatic polariza-
tion are, according to Lee et al. [46], the balance of (i) the packing forces which
tend to produce a dense layer in contact with the surface and (ii) the tendency
of molecules to maintain a maximal number of hydrogen bonds.

In ref. [2] the orientational distribution of water near the Pt(100) surface was
investigated in great detail. A picture very similar to that near unpolar surfaces
emerged. In spite of the preference for water adsorption through the oxygen
atom relatively few configurations were observed, in which the dipole moment of
the molecule points into the solution.

Figure 6 shows that this behavior is a rather general feature of the wa-
ter/metal interface. It compares the orientational distribution of the molecular
dipole moment relative to the surface normal in various distance ranges from the
Pt(100) (left) and the Hg(111) surface (right). The reduced oxygen density pro-
file is plotted on the right side of each figure. The base lines between distribution
functions cut through the density profile. The distribution function in each panel
is for those molecules that are located in the distance range beween these lines.
By and large, the orientational distributions are quite similar in both systems.
Over the first peak in the density profiles (panels a to d) there are almost no
molecules with the dipole moment perpendicular to the surface. Within this dis-
tance range, there is a change from the predominance of orientations in which the
dipoles point more or less into the solution (a and b) to one where a substantial
fraction of the dipoles point more or less towards the surface (c and d). This
behavior is characteristic for the “bilayer” model that has been proposed for the
interpretation of the structure of water monolayers adsorbed on metal surfaces
under ultrahigh vacuum conditions [32]. However, thermal motions wash out the
ideal bilayer features considerably.

The orientational anisotropy ranges as far into the liquid phase as the density
inhomogeneities do (roughly up to panel m), with increasingly less pronounced
features. Slightly beyond the second maximum in the density profile the orien-
tational distribution is isotropic, as it has to be the case for a bulk-like liquid.

Residence Times. The dynamic behavior of water is frequently character-
ized by the self diffusion coefficient (sdc) D, which can be calculated from the
particle mean square displacements via the Einstein relation or from the veloc-
ity autocorrelation functions (acf) via the Kubo relation. Near an interface this
quantity D is not the self diffusion coefficient, since there are no free boundary
conditions for the surface layer. Sonnenschein and Heinzinger [52] calculate a
property called residence autocorrelation function

1 N
R(T, t) = N‘ Z[Gi(r, 0) . 0,'(1‘, t)] , (6)

T =1
where 6;(r,t) is a function which is equal to 1 if molecule ¢ is in region r at
time ¢ and equal to 0 otherwise. N, is the average number of molecules in the
region r. The residence acf is then fitted to the solution of the diffusion equation
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for the proper boundary conditions under the assumption that the density is
homogeneous over the layer. With this method, Sonnenschein and Heinzinger
find isotropic diffusion in the surface layer of the water slab confined between (12-
6) Lennard-Jones walls. The sdc increases near the Lennard-Jones wall because
the hydrogen bond network is weakened.

Pt(100) Hg(111)
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Figure 6: Orientational distribution of the molecular dipole moment on
pt(100) (left) and hg(111) (right). cos¥, is the angle between the water
dipole vector and the surface normal that points into the water phase. Panels
a to p on the left are sampled from the distance intervals which are indicated
by the cuts through the density profile p(z)/p, on the right.
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The assumption that the adsorbed layer is homogeneous is certainly not ful-
filled in the strongly inhomogeneous region near a metallic electrode. Therefore,
only the residence times are calculated for water molecules in the adsorbed layer.
In order to fit a single exponential function to the calculated residence acf reli-
ably, the correlation time has to be chosen quite large, up to 200 picoseconds.
After 200 picoseconds, however, there is a substantial probability that a molecule
has left the surface for an extended time interval and then returns. The acf con-
sequently will not decay to zero in the long time limit but will approach a limiting
value, which is equal to the fraction of adsorbed molecules in the simulation cell.
The contribution of molecules re-entering the layer should not be counted for
the calculation of residence times. Each term in the sum of eq. 6 is therefore
multiplied by the Heaviside function Hy, (to — t). o is the first time when the
molecule leaves the layer for a period longer than a wait time ¢;. Chosing, e. g.,
t; = 0 means that all non-diffusive oscillations of a molecule in its solvent cage
are counted as a desorption event every time the trajectory crosses the boundary
line. Chosing t; > 0 will increase the measured residence time and will, in the
limit ¢; — oo, approach the unmodified correlation function (eq. 6). Hence, the
numerical value of the residence time depends on its definition.

Figure 7 shows the residence times calculated for t;, = 0 ps and ¢; = 4
ps as a function of the adsorption energy for water in contact with the model
surface and also for water in contact with the mercury surface. Suppressing the
contribution from short time oscillations leads to a substantial increase in the
calculated residence time. The trends, however, are rather similar. Water near
the mercury surface behaves differently from water near the surfaces described
by model III where a linear correlation of residence time with adsorption energy
is observed. The adsorption energy is obviously not the only parameter that
determines the residence time. Lattice geometry, periodicity, corrugation, and
the curvature of the interaction potential influence it as well.

| | I T
250 | T/ps . _
200 + -
w o
ol L ) 4
!
15 20 25 30 Eag, / kJmol-!

Figure 7: Residence times of water in the adsorbed layer near corrugated
model surfaces. The corresponding values for adsorbed water near the mer-
cury surface are also given, as indicated. Data are plotted as a function of
water adsorption energy. Diamonds (with error bars) are for the choice t; = 0
ps, plus signs are for t; = 4 ps (for definition see text). The lines are merely
drawn to guide the eye. -
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Summary and Conclusions

A systematic study of physical effects that influence the water structure at the
water/metal interface has been made. Water structure, as characterized by the
atom density profiles, depends most strongly on the adsorption energy and on the
curvature of the water-metal interaction potential. Structural differences between
liquid/liquid and liquid/solid interfaces, investigated in the water/mercury two-
phase system, are small if the the surface inhomogeneity is taken into account.
The properties of a polarizable water model near the interface are almost identical
to those of unpolarizable models, at least for uncharged metals. The water
structure also does not depend much on the surface corrugation.

Using values characteristic of water adsorbed on transition metal surfaces the
liquid phase is inhomogeneous in a region of about 10 A thickness. Two or three
pronounced atomic layers can be observed. Orientational anisotropy is observed
on the same length scale. The layering and the anisotropy are indicative of metal
*hydration’, similar to that of large ions. For neutral metal surfaces, the hydra-
tion takes place in such a way as to maximize hydrogen bonding. The dynamics
of water depends mostly on the adsorption energy but also on other properties
such as curvature of the interaction potential energy. Realistic residence times
of water molecules on a transition metal surface are in the range of hundred
picoseconds to nanoseconds on uncharged surfaces.
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Chapter 4

Fundamental Thermodynamic Aspects
of the Underpotential Deposition
of Hydrogen, Semiconductors, and Metals

Alireza Zolfaghari and Gregory Jerkiewicz!

Département de chimie, Université de Sherbrooke,
Sherbrooke, Québec J1K 2R1, Canada

The paper presents theoretical methodology that allows determination of
thermodynamic state functions of the under-potential deposition of
hydrogen, UPD H, and semiconductor or metallic species, UPD M. The
experimental approach involves temperature dependence of the UPD by
application of cyclic-voltammetry or chronocoulometry. The theoretical
approach is based on a general electrochemical adsorption isotherm and
numerical calculations which lead to determination of the Gibbs free
energy of adsorption, AG,,, as a function of T and 6. Temperature
dependence of AG}, (for 6 = const) leads to appraisal of the entropy of
adsorption, AS;,, whereas coverage dependence of AG?, (for T = const)
allows assessment of the nature of the lateral interactions between the
adsorbed species; knowledge of AG;, and AS;, leads to determination of
AH, . The paper presents new approach which permits elucidation of the
bond energy between the substrate, S, and Hy,p, or S and Mgy, Egy
and E;, ., respectively. Comprehension of E;,  is essential in
assessment of the strength of the S — H,;,;, bond and the adsorption site of
Hypp. Knowledge of E \,  is of importance in: (i) evaluation of the
strength of the cohesive forces acting between S and M, that are
responsible for the adhesion of the adsorbate to the substrate; and
(ii) comparison of the S—M,;,;, bond with that observed for the 3-D bulk
deposit of M. The UPD H on Rh and Pt electrodes from aqueous H,SO,
solution is discussed as an example of application of this methodology.

The under-potential deposition, UPD, of hydrogen, H, and semiconductors and
metals, abbreviated by M, of the p and d blocks of the periodic table on transition-
metal has been a subject of intense studies in electrochemical surface science (/-15).

1Corresponding author
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In Solid-Liquid Electrochemical Interfaces; Jerkiewicz, G., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1997.



Downloaded by UNIV MASSACHUSETTS AMHERST on October 8, 2012 | http://pubs.acs.org
Publication Date: February 28, 1997 | doi: 10.1021/bk-1997-0656.ch004

46 SOLID-LIQUID ELECTROCHEMICAL INTERFACES

The UPD refers to the phenomenon of deposition of H or M on a foreign metallic
substrate, S, at potentials positive to the equilibrium potential of the hydrogen
evolution reaction, HER, E;., or to the equilibrium potential of the bulk deposition
of M, E?... .. The UPD of H is known (/-13,16-19) to take place on Rh, Pt, Ir and
Pd at potentials positive roughly between 0.05 and 0.40 V versus the reversible
hydrogen electrode, RHE. The UPD of M takes place on the above mentioned noble-
metal substrates as well as on other transition metals such as Au, Ag and Cu on which
the UPD H is not observed (20-28). The UPD M appears to be a more general
phenomenon which precedes 3D bulk-type deposition at potentials positive with
respect to Ej .. = and it always takes place at a metal substrate more noble with
respect to the species undergoing the under-potential deposition. Thus the UPD
adlayer acts as a precursor for the formation and growth of the 3D bulk-type phase on
the foreign metal substrate. Various UPD systems are reviewed in refs. 20, 21, 24
and 29 with description of different substrates and metal ions deposited from aqueous
or non-aqueous solutions. The UPD M is usually limited to a monolayer and the
process resembles chemisorption of a submonolayer or a monolayer, ML, of a metal
or a semiconductor from the gas phase. The origin of the UPD can be explained in
terms of the existence of stronger attractive, chemisorptive forces between the foreign
metal substrate, S, and the depositing species, here H or M, than those between like
atoms within the 3D deposit of M. In other words, the S—M,, bond energy,
Es i, is greater than that of the M — M bond in the 3D lattice of M, E,, .

Kolb et al. (23) ~bserved that the potential of stripping of the bulk deposit is
shifted towards lower po.°n‘ials with respect to the potential of desorption of the
UPD layer; this difference was defined as the underpotential shift, AE,. The
underpotential shift was correlated to the difference in work functions, ®, between
the substrate, S, and the UPD species, M, and expressed by the following equation:

AE, = o A® m

where 0. = 0.5V eV~ and A® = ®; — ®,,. The consequence of equation 1 is that the
work function of the substrate, @, should be greater the work function of the UPD
species, @,,, thus @ ) ®,, if the under-potential deposition is to occur.

It is well recognized in electrochemical surface science that anions coadsorbed
on the electrode surface with the UPD species influence their cyclic-voltammetry,
CV, and chronocoloumetry characteristics (30-32). Structural changes associated
with M and anion coadsorption are investigated by electrochemical, radiochemical,
and UHYV techniques as well as by scanning tunneling microscopy, STM, and atomic
force microscopy, AFM (/4,15,33-40). These changes can be related to such
thermodynamic state functions as the Gibbs free energy, entropy and enthalpy of
adsorption (/8,19,30,32).

Whereas the origin of the UPD H and UPD M as well as the 3D bulk
deposition of M is quite well understood, there is a lack of knowledge of the
S—My, bond energy, E \, , as well as thermodynamic state functions for the

UPD. This paper addresses this issue and demonstrates a theoretical methodology
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which allows determination of the state functions and Es,  on the basis of

experimental data. The experimental methodology involves application of cyclic-
voltammetry over a wide temperature range, or chronocoulometry whereas the
theoretical treatment is based on a general electrochemical isotherm and adsorption
thermodynamics.

Under-Potential Deposition of Hydrogen

The UPD H from an acidic aqueous solution may be represented by the following
single-electrode processes:

working electrode  H' +e+S = S-H, )
reference electrode 1/2H, = H' +e ©)]

The activity of the solvated proton in the bulk of the electrolyte of the working-
electrode and reference-electrode compartments is the same and it equals a,.. The

pressure of the H, in the reference-electrode compartment is P, . If the temperature

is the same in both compartments, then the process is described by the following
general electrochemical adsorption isotherm:

GH FESHE ) AG:dl(HUPD)
w -y expl - FEsm | expf - AGus\Hirp) 4
1-9, exp( rT )P RT @

UPD

where 0, is the surface coverage of H,y;,, Eg,; is the potential measured versus

the standard hydrogen electrode, SHE, AG;(HUPD) is the standard Gibbs free energy
of adsorption, T is the temperature and R and F are physico-chemical constants. The
above formula is a specific form of the following general relation for the conditions
mentioned above:

0y ay, FE AGS, (H,,p)
UPD = Pr e _ eq — ads UPD 5
-6, a, V™ x‘{ RT)exP( RT ©)
where a;, and a], are the activities of H" in the working-electrode and reference-

electrode compartments, and E,_ is the equilibrium potential related to Py, through

the Nernst formula. When the temperatures of both compartments are the same and
the activities of H" are equal, then equations 4 and 5 reduce to the following formula:

) FE AGS, (Hypp)
O _ [p expl — FE&E | gxp| - ACus\Hurn) 6
i-g,_ V™ exP( RT ) e’q{ RT ©)

where E; is the potential measured versus the reversible hydrogen electrode, RHE,
immersed in the same electrolyte.
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Figure 1. Series of cyclic-voltammetry, CV, profiles for the under-potential
deposition of H, UPDH, from 0.50M aqueous solution of H,SO, for a
temperature range between 273 and 343 K, with an interval of 10K, and
recorded at the sweep rate s=20mV s, A. For Rh; the electrode surface area
A, =0.7010.01cm’ (Adopted from ref. /9). B.For Pt; the electrode surface
area A, =0.72+0.01cm®. The arrows indicate the shift of the adsorption and
desorption peaks upon the temperature increase.
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It should be added that equation 4 is neither the Langmuir nor the Frumkin
isotherm and AG;(HUPD) refers to the Gibbs free energy of adsorption at given 8,

and T (18,19). Assessment of the relation between AG’, (H,,) and (OHUW, T) may

clarify whether the process follows either of the two electrochemical adsorption
isotherms. However, even in the case of H chemisorption under gas-phase
conditions, in absence of the electrified double layer, the relations between
AG:,,(HUPD) and O, _ are more complicated and rarely follow the two most
fundamental cases (47). Thus it is reasonable to conclude that H chemisorption does
not follow the common isotherms due to presence of complex first-nearest and
second-nearest neighbor lateral interactions between the adsorbed species (4/-43).

It should be stressed that both equations 4 and 6 may be applied for
determination of AGZ,(Hyyp), but equation 4 requires precise knowledge of the
activity coefficient of the proton whereas equation 6 demands knowledge of the
hydrogen gas pressure in the reference electrode compartment which is more
accessible. In other words, it is easier to apply equation 6 to determine AG2, (Hyyp)
than equation 4. It is evident that experimental appraisal of E at which H ,, reaches
a given By _ at a given T allows numerical determination of AG;(HUPD). Such
calculations may be performed for a series of coverages of H,,, and for various
temperatures, and they results in evaluation of AG;(HUPD) as a function of 8, _ and
T, AG:,(H,;p) versus (GHWD, T).

Cyclic-voltammetry, CV, and chronocoulometry (44) are experimental
techniques that can be applied to evaluate the dependence of the H,, surface
coverage on temperature variation and to determine AG’,(H,p). CV is in many
respects the electrochemical equivalent of temperature programmed desorption, TPD,
although CV results in determination of different thermodynamic parameters than
TPD. CV allows one to study the surface coverage of the adsorbed species during
potential-stimulated adsorption and desorption at various temperatures. Theoretical
treatment of CV experimental results leads to elucidation of important thermodynamic
state functions such as AG},, AH;, and AS;,. Thus it is sensible to refer to it as
potential-stimulated adsorption-desorption, PSAD.

Figure 1 shows two series of CV adsorption-desorption profiles for UPD H
on Rh and Pt from 0.50 M aqueous H,SO, solution. In the case of Rh there is only
one adsorption-desorption peak where as in the case of Pt there are two peaks. Upon
the temperature increase, the peaks shift towards less-positive potentials and there is a
slight redistribution of the charge between the two peaks for Pt (/8,19). These data
allow calculation of AG?,(Hy,) based on equation 5 and the results are shown in
Figure 2 as 3D plots of AGZ, (Hp) versus (GHW,T). AGS,(H,;p) assumes the
most negative values in at the lowest T and the lowest Gﬂm. In the case of Rh,
AGL,(HUPD) has values between —18 and -8 kJ mol™' whereas in the case of Pt, it
varies between -25 and -11 kJ mol™. For a given constant T, AG®, (Hy;p) increases
towards less-negative values with 0,  augmentation indicating that the lateral

interactions between H,,, adatoms are repulsive. The AG,(H,,,) versus B4t
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Figure 2. 3D plots showing the Gibbs free energy of the under-potential
deposition of H, AGZ, (H,y,p), versus 8, and T, AG2,(Hypp) = (8, ,T), for
adsorption from 0.50 M aqueous solution of H,SO,. A. Rh (Adopted from ref.
19). B.Pt. Augmentation of AG, (H,,,) with increase of 8y, for T=const
points to the repulsive nature of lateral interactions between H,,, adatoms. The
AG:,,(HUPD) versus T relations for By,,, = const allow elucidation of the entropy
of adsorption, AS?, (Hyyp).
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relations are non-linear indicating that the adsorption process is complex and may not
be simply described by the Langmuir or the Frumkin isotherm (/8,19). For a given
constant 6, _, the relation between AG:,(Hy;,) and T is linear and it describes the

entropy of adsorption, AS:,,(HUPD), through the following relation:

As;(HWD)=—(%) ™

Oy ypp =co0nSt

Figure 3 shows AS‘;S(HU,,D) for UPD H on Rh and Pt as a function of 6,; . In the
case of Rh AS?, (H,p) has values between —125 and —30 J mol™ K™ whereas in the
case of Pt it varies between 75 and —40 J mol™ K™'. The AS,(Hyy,) versus 6, _
plot for Pt forms two waves which are associated with two peaks in the CV

adsorption-desorption profiles. The enthalpy of adsorption is readily determined
based on the experimental values of AG, (H,,,) and AS:, (H;p) and equation 8:

AH, (Hypp) = AGE, (Hypp) + T ASZ, (Hypp) ®)

Figure 4 shows values of AH?, (H,;;,) for UPD H on Rh and Pt as a function of O1tp
determined on the basis of the experiment data presented in Figures 2 and 3. The
results demonstrate that in the case of Rh, AH?, (H,,,) varies between —52 and —20
kJ mol™ whereas in the case of Pt, it falls between —45 and —28 kJ mol™. The
AHS, (H,,,) versus By,,, relation for Pt reveals two waves which again are
associated with the two peaks in the CV adsorption-desorption profiles.

It is essential to elaborate on the ASC, (H,y,) versus By,,, and AR, (Hypp)
versus 0, plots. An analysis of the data shown in Figures 3 and 4 reveals that the
enthalpy and entropy variations are mirror images. Such thermodynamic dependences
are well known in catalysis (45-46) and show that variation of the entropy of
adsorption is always counterbalanced by alteration of the enthalpy of adsorption. This
phenomenon is recognized as a compensation effect (45) and the data presented in
the present paper indicate that it is also observable for electrochemical systems.

An alternative approach that may be applied to determine AHL,(HU,D)
involves combination of equation 4 with the Gibbs-Helmholtz relation which leads to
the following formula (18, 19):

- F

O(E/T) _ [ AH, (Hyp)
a(1/T) "_[ L ©

Um:conn

Thus by experimental determination of pairs of values of E and T at which the H,
coverage is constant, 6, _ =const, and by plotting E/T versus 1/T one obtains linear

relations and from their slope one may evaluate AHS, (H,,,). The authors applied
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this methodology and found that such determined values AH:, (H,,,) agreed to
within 1.5 kJ mol™ with those shown in Figure 4.

The energy of the S—H,y, bond (here Rh—H;;, and Pt—Hp), Egy s
may be determined on the basis of Born-Haber thermodynamic cycles for the
respective single-electrode processes (/8,/9). Summation of the two single-electrode
reactions shown in equations 2 and 3 leads to the following overall process:

1/2H,+§ —Malw) , g g (10)

Addition of the Born-Haber cycles (/8,/9) leads to the the following relation for the
S—Hyp, bond energy, Eg ;.

1
E =—D, - AH’, (Hp) (11)

S-Hupp 2 2

where D,, is the dissociation enerhy of the H, molecule. Figure 5 demonstrates
relations between Eg,_,;  or E, ;  and 8, _ based on the values of AHC, (Hypp)
shown in Figure 4. The Rh—H_;,, bond energy is between 240 and 270 kJ mol™
and that of the Pt— H,;,, bond is between 250 and 265 kJ mol™'; both bond energies
vary slightly with the H,, surface coverage. The results presented in Figure 5 show
that Rh—H;;, and Pt —H,;,;, bond energies fall close to that for the respective bond
energies between the same substrate and the chemisorbed H, H,,, Eg, 4, and
Ep y,_» respectively, which is 255 kJ mol™ for Rh and 243-255 kJ mol™ for
Pt (41). Proximity of these values indicates that Hp, is an energetic equivalent of
H,.,. Moreover, if the bond energies for H,, and H,,, are so close, then it is
reasonable to assume that H,;,, similarly to H,,, is strongly embedded in the surface
lattice of the metal substrate.

It is apparent on the basis of equation 11 that the Eg ,; _ versus 6, _ plots
follow the variations of AH?, (H,,) since 1/2 D, represents a constant.

An aspect that the authors would like to emphasize is that the present
treatment, being the first approach, does not take into account the specific adsorption
of anions and their contribution to the overall adsorption charge. Indeed, there is a
certain anion contribution and it may affect the values of AG:, (H,p) but the present
approximation, which is meant to verify the validity of the theoretical treatment, does
not take it into account. However, experimental research on Pt and Rh single crystals
is under way and the results will be presented in subsequent papers which will take
into account the anion effect.

Under-Potential Deposition of Semiconductors and Metals

The under-potential deposition of semiconductors and metals, UPD M, from an
aqueous solution containing a monovalent cation, M*, on a substrate more noble than
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Figure 5. Dependence of Es_;  on @,  for the under-potential deposition of
H, UPD H, from 0.50 M aqueous H,SO, solution. [J refers to the Rh—H,,
bond energy, Egy,_y,,, which have values between 240 and 270 kJ mol™'. O
refers to the Pt — Hyy;, bond energy, E;,_;, , which assumes values between 250
and 265 kImol™. The variation of Es y,, Vversus 0y~ follows the
AR, (H,p) versus By, relations.
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the species undergoing the UPD may be represented by the following single-electrode
processes:

working electrode  S+M'+e = S—-M, (12)
reference electrode M = M +e (13)

Summation of the above relations leads to the following overall equation which
represents the formation of the UPD layer of M on S:

S+M = S-M, (14

The treatment presented here is based on the supposition that M* undergoes a
complete discharge to M. If the activities of M", a ., in the working-electrode and

reference-electrode compartments are the same and if they are maintained at the same
temperature, T, then the relation between the surface coverage of M, GMm, and the

applied potential, E, is described by the general electrochemical adsorption isotherm:

eM FE AG:ds(MUPD)
wp X Xp| - ———— 15
1- OM e © p( RT) ¢ [ RT ( )

where E is the potential measured versus the standard potential of the M*/M
reference electrode, AG:,,(MU,,D) is the standard Gibbs free energy of adsorption of

the process, thus the formation of UPD layer of M on S as shown in equation 14, and
R and F are explained above. Equation 15 is a specific form of the following relation:

—OM‘W = a—:"'— exp(— _Flf’;q ) exp(— ————AG“’IgIM""D) ) (16)

1-6y,. a3,
where a7, and a| . are the activities of M" in the working-electrode and reference-
electrode compartments, and E_, is the equilibrium electrode potential. When T is
the same in both compartments and when a;, =a, ., one obtains equation 15.

There are many similarities between the theoretical treatment of the UPD H
and the UPD M. For instance, it is evident on the basis of the above formula that
experimental evaluation of the potential at which By, has a given value for a series

of temperatures allows numerical determination of AG®, (M) Such calculations
may be performed for all values of GMW and T, and one may plot AG;,(MUPD) as a
function of 6, and T, thus AG®, (M) versus (GMWD,T). Evaluation of the
AG:, (M, ) versus By, relations (for T = const) allows one to assess the energy of
lateral interactions between the M, adatoms. The entropy of adsorption,
AS‘.’&(MU,,D), may evaluated on the basis of equations 7 and subsequently, the
enthalpy of adsorption, AH?, (M), is readily determined based on equation 8.
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An alternative approach that may be applied to determine AH:,,(MU,,D) is
similar to the one presented above for the enthalpy of adsorption of H,, (see
equation 9) and it is based on the Gibbs-Helmholtz formula and the general
adsorption isotherm presented in equation 15. Thus by experimental determination of
pairs of values of E and T at which the My, coverage is constant, 8,, ~=const, and
by plotting E/T versus 1/T one obtains linear relations and from their slope one may
evaluate AH’, (M). It should be added that there is a limited amount of data on
thermodynamics of the UPD of semiconductors and metals, and at present that
authors are unaware of any temperature dependence measurements of the UPD M.
The chronocoulometry methodology applied by Lipkowski et al. (30,32,44) results in
evaluation of the surface coverage of the adsorbed metallic and anionic species and
their AG;,. The approach proposed in this paper and based on temperature-
dependence measurements followed by theoretical treatment represents an extension
to the approach developed and applied by the laboratory of Lipkowski and it will
allow one to assess consistency of the surface thermodynamic data.

Knowledge of the S—M,,, bond energy is essential in evaluation of the
cohesive forces acting between the metal substrate and the under-potential deposited
species that are responsible for the adhesion of the deposited monolayer to the
substrate. They are of different nature than the forces acting between alike atoms in
the 3D lattice of S or M. Thus, the magnitude of E;_,, _ is a good measure of the
adhesion the deposit to the substrate. The energy of the S — M, bond, E;_, , may

be determined on the basis of the following Born-Haber thermodynamic cycles for the
respective single-electrode processes shown in equations 12 and 13:

+ S B M, + S

M@ + e, (@)

LAH;,  TO+EF TEsu, (17)
M, + ego + S —Tes S-Mgy,

M., — Mg, + Clgn)

TAH, oy — AH o O LAHL, To (18)
M — i Mo, + Cme=0)

where AH_(,, the standard surface enthalpy defined as the energy required to create
1cm® of the surface (the unit being J cm™) and o, is the molar surface of M, thus
the number of cm’ occupied by 1 mole of M surface atoms (the unit being
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cm’ mol™); the unit of the product AHZ,y) Oy is J mol™'. The surface enthalpy is
related to the surface tension, y, through the following relation (45, 46):

oy
AH? =y-T— 19
st M) — ¥ 3T (19)

Thus even if AH;., is not well known, one may evaluate it based on the
temperature dependence of the surface tension.

By adding the above Born-Haber cycles (equations 17 and 18) and bearing in
mind that there is a Volta potential difference between the metal and the solution so
that M" and e extracted from two solid electrodes are at different electrostatic
potentials and that this difference compensates exactly the work function variation
shown in equation 17 for the working electrode, EF, one obtains the following
relation for the S — M, bond energy, E_, -

Es vy = AH; oy — AH p ) O — AH::,(MUPD) (20)

There are several significant implications of equation 20. The above formula indicates
that: (i) Es_,, _ follows changes of AHS, (M,,,); (ii) the surface enthalpy, AHG ¢y
depends on the surface structure thus it may be concluded that the value of Eg_,,
varies with the structure of the metal substrate; and (iii) the molar surface of M, &,
is surface-geometry dependent at it affects the magnitude of E_, .

Recent studies on the UPD M show that the adsorption-desorption CV
profiles often reveal a hysteresis whose origin has been assigned to lateral interactions
between the UPD species and the coadsorbed anions, and to surface reconstruction or
surface compression processes (30,32-40). It ought to be emphasized that the
cathodic component of the CV profiles allows determination of AG2, (M) whereas
the anodic one refers to AG,(My,,). If the CV profiles are symmetrical, thus if
there is no hysteresis, then AGS, (M) =~ AGS,(Mypp) and the adsorption and
desorption processes are energetically equivalent, as it is the case of the UPD H. On
the other hand, if a hysteresis effect is observable in the CV adsorption-desorption
profiles, then integration of the AG’, (M) versus B\, relation provides the Gibbs
free energy of adsorption of one monolayer (or submonolayer, depending on the
system) of the UPD species. Integration of the AG’_ (M) versus By, relation
gives the Gibbs free energy of desorption of one monolayer (or submonolayer) of the
UPD  species. Considering that a hysteresis effect implies that
AGS, (M) # - AGS (M), then their difference, SAG®(Myyp), defined by
equation 21, is a measure of the Gibbs free energy associated with the lateral
interactions between M, and the anions during the adsorption and desorption
processes, as well as the surface reconstruction and surface compression processes.

8AG* (Myp) = AG, (M) + AGE, (Myp,) @1
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Conclusions

The authors present thermodynamic methodology which can be applied to the
phenomenon of the under-potential deposition on metal electrodes. It allows
determination of the Gibbs free energy, entropy and enthalpy of adsorption, AG?,,,
AS;, and AH;, . New theoretical approach is presented which leads to determination
of the bond energy between the metal substrate and the under-potential deposited
species, here H or M, E, , ~ and E,, , respectively. Knowledge of Eg is
essential in evaluation of the binding forces acting between the substrate and the
deposit, thus the forces that are responsible for adhesion of the deposit to the
substrate. The authors also discuss the hysteresis effect often observed in the CV
adsorption-desorption profiles for UPD M and indicate that the difference between
AGL(MUPD) and AGL(MUPD) is a measure of the Gibbs free energy associated with
the lateral interactions between M,,, adatoms and the coadsorbed anions as well as
the surface reconstruction and surface compression processes.
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Chapter 5

Micrometer-Scale Imaging of Native Oxide
on Silicon Wafers by Using Scanning Auger
Electron Spectroscopy

Mikio Furuya

Kanagawa Industrial Technology Research Institute,
705-1 Shimoimaizumi, Ebina-shi, Kanagawa 243—04, Japan

Intriguing patterns of the ultra thin native oxide film were observed
by SEM, AFM and SAM methods. The ultra thin native oxide film
were formed on the surface of the silicon wafer during photo-
lithographic process. The pattern might be formed by the influence
of the residual photo sensitive resin. The investigations on the
electron beam-induced damage had been performed to find out the
conditions to reduce the reduction of the oxide film by using
thermally grown silicon oxide film as a reference sample.
Micrometer-scale images of the ultra thin native oxide film were
observed by using SAM methods. Thickness estimation for the
native oxide film on the silicon wafers was achieved by the intensity
ratio of LVV spectra of the elemental silicon and the silicon oxide.
Calculated thickness for the ultra thin native oxide film was 0.8~1.2
nm.

1. Introduction

In recent development of the semiconductor industries, thermal oxide film
thickness of less than 5 nm has been used in semiconductor devices such as metal-
oxide-semiconductor (MOS) structures. Thickness of less than 5 nm is almost near
the thickness of a native oxide film on the surface of silicon wafer. Therefore the
characterization of ultra thin native oxide film is important in the semiconductor
process technology. The secondary electron microscopy (SEM), the scanning
Auger electron microscopy (SAM), the atomic force microscopy (AFM) and the
X-ray photoelectron spectroscopy (XPS) might be the useful characterization
method for the surface of the silicon wafers.

A number of works have been performed about the thickness estimation of
native oxide film on a silicon wafers by using XPS, and obtained good results to
characterize the raw surface of the silicon wafers (1-2). However, XPS is an
analytical method which is applicable to a relatively large area, due to the primary
X-ray probe cannot focus on a small spot. Therefore a micrometer-scale structure
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of the native oxide has not been investigated by using XPS.

AFM method is available to observe a nanometer scale roughness on the
surface of the silicon wafer with native oxide. As a matter of course, topographical
images of AFM could not imply the thickness information of the over layer film,
and AFM methods might be unavailable for the area over than 10 cm due to the
instrumentation limits.

SAM is a representative method of the surface analysis aimed at below the
micron area. The micro structure of the native oxide film might be able to observe
by means of SAM method. However, the severe electron beam-induced damage
might be arisen on a silicon oxide film by the high electron current density of
primary electron beam (3-7). The silicon oxide is reduced to the elemental silicon
due to Joule's heat in an ultra high vacuum analyzer chamber of SAM equipment.
The conditions to reduce the reduction of the silicon oxide film due to the electron
beam-induced damage have been preferred by the investigations on the compulsive
reduction of the silicon oxide film.

In this report, the author presents the investigative study of the preferred
analytical conditions to observe a micrometer-scale structure of the native oxide
film on a silicon wafer and the thickness estimation method by using LVV Auger
spectra intensity ratio for the elemental silicon and the silicon oxide.

2. Experiments

SEM observation and SAM measurement had been performed by using
scanning Auger electron spectroscopy (PHI-SAMA4300). The cylindrical mirror
analyzer (CMA) and the primary electron beam of this equipment were settled in
coincident axes. In order to obtain clear contrast images, the normal of the sample
surface was tilted 30 degrees in respect to the primary electron beam. The
observation were performed under the primary electron beam conditions of
accelerating voltage 1~7 kV and beam current 1~ 1000 nA.

In order to find out the region of reduced electron beam-induced damage, the
investigations on the compulsive reduction of the silicon oxide film were performed
by using thermally grown silicon oxide film as a reference sample. The electron
beam-induced damage were evaluated as a function of LVV spectra intensity ratio
for the elemental silicon and the silicon oxide.

The relative sensitivity factor (RSF) of LVV spectra of the silicon were
obtained for the calculation of the thickness estimation of the ultra thin native
oxide film. Although the characteristics nature of the thermal silicon oxide film on
the silicon wafers might be different from that of the ultra thin native oxide film,
RSF of LVV spectra for the silicon were obtained by the measurement of Auger
signal intensity using thermally grown silicon oxide film of 100 nm thickness as a
reference sample

The variations of Auger signal intensity for Si-LVV, O-KLL and C-KLL were
measured across the surface of the native oxide film. In order to obtain the clear
element map images of SAM methods, the normal of the sample surface was also
tilted as in the SEM observations, and integral Auger spectra were used in lieu of
the conventional derivative Auger spectra.

On the measurement of the intensity of Auger electron spectra for the thickness
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calculation of the native oxide film, in order to set the incident angle of the
primaryelectron beam and the collection angle of Auger electron constant, the
normal of the sample surface was settled coincident with the axes of CMA and the
primary electron beam.

AFM measurement was performed by using scanning tunneling microscope
(Digital Instruments, Inc. Nanoscope-II).

The ultra thin native oxide film on the silicon wafers was formed in an aqueous
acid solution during the photo-lithographic process in the semiconductor
fabrication system. The mirror polished silicon wafer was spread with the photo
sensitive resin, exposed the resin to the ultraviolet light, developed the resin in the
organic solvent, strip off the residual photo sensitive resin from the surface of the
silicon wafers in a hot acid solution and rinsed in the ultra-pure water.

3. Results and Discussion

Figure 1 shows SEM images of the ultra thin native oxide film on the silicon
wafers. The excellent contrast pattern was observed by the primary electron beam
condition of low energy and high current, rather than high energy and low current.
The observed conditions of Figure 1 were accelerating voltage 3 kV, electron
current 20 nA and the tilt angle of the sample 30 degrees. The intriguing pattern on
the surface of the silicon wafers was observed using low energy SEM method.
The excellent contrast pattern was not obtained on the condition of tilt angle 0
degrees. The light and darkness pattern might be considered as the lateral
variations of the electron charge quantity across the surface of the silicon wafers
with native oxide. The light region of this pattern corresponds to the relatively
thick oxide region and the darkness to the thin oxide.

Figure 2 shows the topographical images on the surface of the native oxide film
observed using AFM methods, a considerable undulation was obviously recognized
compared with that of mirror polished silicon wafers. However AFM methods
might be unavailable for the lateral range over than 10 cm, due to the limits of the
actuator of the sample stage by using the piezoelectric effect. In addition, AFM
method could not measure the total thickness of the over layer film but only
measure the surface roughness.

Figure 3 shows the LVV spectrum of the native oxide film on the silicon wafer.
The horizontal axis represents the kinetic energy of Auger electron, and vertical the
differentiated signal intensity. LVV spectra of the elemental silicon and the silicon
oxide show the different kinetic energy because of the difference of the chemical
state in valence band electron, higher kinetic energy peak correspond to LVV
spectrum of elemental silicon and lower silicon oxide. The peak intensity of kinetic
energy 92 eV Is represents the intensity of LVV spectrum of the elemental
silicon ,passing through the native oxide film from the silicon substrate. The peak
intensity of kinetic energy 76 eV Iso represents the LVV spectrum intensity of the
silicon native oxide film. The ratio Iso/Is is related to the thickness of native oxide
film on the silicon wafers.

In order to find out the region of reduced damage, the investigation on the ratio
of Iso/Is as a function of the irradiation time of the primary electron beam was
carried out. The measurements were performed using thermally grown silicon

In Solid-Liquid Electrochemical Interfaces; Jerkiewicz, G., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1997.



64 SOLID-LIQUID ELECTROCHEMICAL INTERFACES

Figure 1. The intriguing pattern of the ultra thin native oxide film on the silicon
wafers were observed using low energy SEM methods. The light and darkness
pattern might be speculated the deference of the electron charge.
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Figure 2. The topographical images of the surface of the native oxide film was
observed using AFM methods. A considerable undulation was recognized
compared with the mirror polished silicon wafers.

In Solid-Liquid Electrochemical Interfaces; Jerkiewicz, G., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1997.



Downloaded by UNIV MASSACHUSETTS AMHERST on October 7, 2012 | http://pubs.acs.org

Publication Date: February 28, 1997 | doi: 10.1021/bk-1997-0656.ch005

S. FURUYA  Micrometer-Scale Imaging of Native Oxide on Silicon Wafers 65

oxide film thickness of 100 nm as a reference sample. Figure 4 shows the ratio of
Iso/Is as a function of the irradiation time of the electron beam. Accelerating
voltage of the primary electron beam was kept constant 3 kV. The diameter of the
primary electron beam was defined by 84-16% transition width using a
conventional knife edge method. As the electron current was changed from 109 to
2.7 nA, the diameter of electron beam was varied from 2.0x10™ to 1.34x10™ cm in
this experiments and electron dosage was varied from 1.25x10"! to 2.7x10"%
e/cm’. As the diameter of the primary electron beam is changed with the electron
current, the product of electron current and irradiation time were kept constant at
6.1x10°® coulomb for each measurement in Figure 4. Although the product of the
current and the irradiation time is different from the electron dosage, but the value
is a meaningful index in practical use. The regions of reduced electron beam-
induced damage (a) and (c) were clearly observed on both sides of the damage
region (b) in Figure 4. The reduced damage region of (a) is a region of short
irradiation time and high current, and the region of (c) long irradiation time, low
current and reduce the beam diameter.

Also the investigation on the ratio of Iso/Is as a function of the accelerating
voltage of the primary electron beam was carried out. The accelerating voltage of
the primary electron beam was changed from 2.0 to 7.0 kV. The conditions of the
electron probe current 50 nA, the diameter of electron beam 1.8x10™* cm, the
electron dosage 1.43x10"*! e/cm? and electron current density 2.0 A/cm2 were kept
constant. The intensity ratio of Iso/Is was almost kept constant value of 4.0 in this
accelerating voltage range. The intensity ratio of Iso/Is was no participation with
the accelerating voltage in this experiment.

It could be concluded from the above-mentioned experiments on the
compulsive reduction of silicon oxide that the conditions of the long irradiation
time and the low current is the preferable analytical conditions to reduce the
reduction of the oxide film by the electron beam-induced damage.

Figure 5 shows the element map images of, (a) LVV spectrum of silicon oxide,
(b) LVV spectrum of elemental silicon, (c) KLL spectrum of oxygen and (d) KLL
spectrum of carbon respectively. Analytical conditions to obtain respective element
map images were, accelerating voltage 3 kV, primary electron beam current 1.0 nA,
diameter of the electron beam 1.0x10™* cm, current density 1.27x10" A/cm2,
acquisition time 0.11 sec/pixel of the SAM images and electron dosage 8.7x10"
e/cm2. The measured value of reduction index Is/Iso was less than 1 % on this
finally adopted analytical conditions. The sample was tilted 30 degrees, and the
integral Auger spectrum was used in lieu of the derivative Auger spectrum to
obtain respective element map images of SAM. Figure 5 (a) and (c) show the
identical light and darkness pattern, (a) and (b) the reverse pattern and (d) no
participation with (a), (b) or (c). Although the mechanisms of the pattern formation
was not investigated, the pattern might be formed due to the unequal affection of
the residual photo sensitive resin at the interface with the silicon wafers in the strip
off process by using the hot acid solution. These patterns represent not only the
distribution of the elements on the surface of native oxide film, but also the lateral
variation of the thickness of the native oxide film across the surface of the silicon
wafers.
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Figure 3. LVV spectrum of the native oxide film on silicon wafers. The peak of 92
eV is LVV spectrum of the elemental silicon from the silicon substrate and 76 eV
the silicon oxide.

10
N\

<
2 \ /
e N 4
=
° ﬁ
2 )
8 A
= @ () ©

1

10™ 10*? 10" 10™

Irradiation time (sec)

Figure 4. The investigations of compulsive reduction were performed by the
thermally grown silicon oxide. The products of electron current and irradiation time
were kept constant to 6.1x10° coulomb in respective measurements. The reduce
damage regions (a) and (c) were found on both sides of the damage region (b).

In Solid-Liquid Electrochemical Interfaces; Jerkiewicz, G., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1997.



Downloaded by UNIV MASSACHUSETTS AMHERST on October 7, 2012 | http://pubs.acs.org

Publication Date: February 28, 1997 | doi: 10.1021/bk-1997-0656.ch005

5. FURUYA  Micrometer-Scale Imaging of Native Oxide on Silicon Wafers 67

Figure 6 shows a cross sectional schematic diagram of a surface of the silicon
wafers with the native oxide film thickness of d. Auger electron intensity of LVV
spectrum of silicon oxide Iso is given by the integral of Equation (1) from 0 to d,
and elemental silicon Is is given by the integral of Equation (2) from d to ©°. Let us
divide Equation (1) by Equation (2). The factors ks and kso are the sensitivity
factor of the LVV spectrum of elemental silicon and silicon oxide respectively.
The sensitivity factors of ks and kso are the function of the ionization cross section,
Auger transition probability and the density of element. In general, those values
could not obtained independently, but the sensitivity factor ks and kso are obtained
easily by the measurement of RSF for the bulk materials.

The inelastic mean free path (IMFP) of Auger electron could be calculated by
the theoretical formula (8). The calculated IMFP values for the LVV spectrum of
the elemental silicon in the matrix of elemental silicon is 0.51 nm, of the silicon
oxide in the matrix of silicon oxide is 0.56 nm, and of the elemental silicon in the
matrix of silicon oxide is 0.59 nm, in addition, of the silicon oxide in the matrix of
elemental silicon is 0.48 nm. This theoretical formula of IMFP for the Auger
electrons gives considerably correct value in the relatively high kinetic energy
region. However, the correctness of the calculated IMFP are inadequate in this low
kinetic energy region. Because of the kinetic energy of the LVV spectrum of the
elemental silicon is close to that of silicon oxide, IMFP of the elemental silicon is
close to that of silicon oxide. Then the assumption, 4 so =4 s =4 = 0.5 nm,
could be made for a convenience on the calculation of native oxide film thickness d
in the Equations (1-2).

The sensitivity factor of the bulk silicon oxide kso=Iso(°°) is the integral of
Equation (1) from x=0 to x=d=2°. The sensitivity factor of the bulk elemental
silicon ks=Is(0) is the integral of Equation (2) from x=d=0 to x=2°. The ratio of
relative sensitivity factor ks/kso = Is(0)/Iso( %) = 5.7 was obtained by the
measurement using thermally grown silicon oxide and silicon wafer as a reference
sample. Though the used angle & was the collection angle of the CMA 42.3
degrees in this calculation. The actual collection angle of CMA used in this study
was 4216 degrees, the error of the calculation from this condition may be less
than £10 %.

After the rearrangement of the formula, Equation (3) gives the relation of the
film thickness d with the intensity ratio Iso/Is for LVV spectrum of the native oxide
on the silicon wafer. As shown in Table I, the native oxide film thickness of d for
Figure 1 or Figure 5 were calculated by equation (3) from the measured intensity
ratio Iso/Is. The mean value of the thickness was 0.8 nm on the relatively thin
region and was 1.2 nm on the relatively thick region.

X
lso= | ksoexp (" Asocosf dx
0 Equation (1)
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Figure 5. SAM images of the native oxide film on the silicon wafer was observed by
using, (a) LVV spectrum of silicon oxide, (b) LVV spectrum of silicon, (c) O-KLL
and (d) C-KLL respectively.
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Figure 6. Cross sectional schematic diagram for the calculation of the native oxide
film thickness of d. The normal of the sample surface was set coincident with the
axes of the CMA and the primary electron beam.
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(e o)
Is=| ksexp|-—— - |dx
P Ascos6
d Equation (2)
d=0.74 A In(5.7(Iso/Is)+1) Equation (3)

Table I. Thickness of the native oxide film calculated by equation (3)

Relatively thick region Relatively thin region
Iso(kc/s) Is(kc/s) Iso/Is d(nm) Iso(kc/s) Is(kc/s) Iso/Is d(nm)
183 31 5.8 1.31 184 119 1.55 0.85
188 34 55 1.29 188 123 1.52 0.84
191 46 42 1.19 166 119 1.39 0.81
175 48 3.6 1.14 181 110 1.15 0.75
Conclusion

(1)A micro structure of the ultra thin native oxide film on a silicon wafer was
observed by using SEM, AFM and SAM methods.

(2)The patterns of ultra thin native oxide film was formed in aqueous acid
solution during photo-lithographic process in a semiconductor fabrication
system. Although the mechanisms of the pattern formation was not
investigated, it might be due to the unequal affection of the residual photo
sensitive resin on the strip off process using a hot acid solution.

(3)The study on the electron beam-induced damage of the silicon oxide film was
carried out using thermally grown silicon oxide film as a reference sample.
Although the reduction of the oxide film is sensitive to the electron beam density,
the long acquisition time reduce the electron beam-induced damage because of
the heat dissipation in the thin oxide films.

(4)The conditions to obtain the element map of the native oxide film were,
accelerating voltage 3 kV, primary beam current 1.0 nA, diameter of the electron
beam 1.0x10* cm, current density 1.27x10" A/em?, irradiation time 0.11
sec/pixel and electron dose 8.7x10*'® e/cm2.

(5)Thickness estimation of the native oxide film was achieved by using the
measured intensity ratio Ise/Is for LVV spectrum of the elemental silicon and the
silicon oxide. ~ The calculated thickness of the native oxide film was 0.8 nm on
the relatively thin region, and was 1.2 nm on the relatively thick region.
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Chapter 6

Growth Kinetics of Phosphate Films
on Metal Oxide Surfaces

T. S. Murrell'?, M. G. Nooney?, L. R. Hossner!, and D. W. Goodman?

Departments of Soil and Crop Sciences and 2Chemistry,
Texas A&M University, College Station, TX 77843

The kinetics of phosphate uptake by hematite, titania, and alumina were
examined by exposing freshly prepared thin films to phosphate solutions
at incremental times and subsequently analyzing the surfaces by Auger
electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS),
and temperature programmed desorption (TPD). Thin film hematite
exposed to a sodium phosphate solution demonstrated initially rapid
phosphate uptake during the first 10 minutes of solution exposure,
followed by a 10 min. induction period after which phosphate
accumulated as a species different than that adsorbed initially. For
titania and alumina exposed to a calcium phosphate solution, the initially
rapid reaction was completed after 1 and 3 hours, respectively.
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