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INTRODUCTION
It has been said that surfaces are the
"seats of communication" between two
phases. Atoms and molecules to the greatest
extent sense or know about other energetic
or reactive atoms or molecules that constitute a different phase only if they are at the
surface. Thus processes at surfaces control
the changes that occur for a large fraction of
all possible physical and chemical processes.
Upon formation of a surface, or more gen-
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erally an interface, the surface atoms have a
unique electronic structure and often geometric arrangement that is different from
those atoms in the bulk phase because of the
abrupt termination of the homogeneous,
bulk environment. This altered structure induces new, altered chemical and physical
properties for surfaces compared to the corresponding bulk phases, such as enhanced
reactivity or lower melting point. Also, it is
necessary to introduce separate descriptions
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of the thermodynamics of the interfacial
regions, such as indexing separately the surface and bulk contributions to the entropy,
and to catalog new thermodynamic state
variables such as the surface tension for liquids and stress tensor for solids.
It is exceedingly important to understand
surfaces, and the adsorbed layers present at
surfaces, since the physical changes and
chemical reactions that occur there underpin
practical applications in many scientific
fields, important technologies, and industrial
processes. Table 1 illustrates just a few of
the myriad of applications where surfaces
play a key role. Historically, heterogeneous
catalysis, which is at the heart of the huge
chemical and oil-refining industries, provided
impetus to understand the structure of solid
surfaces and the chemical reactions that occur there. Perhaps the greatest efforts currently involve applications in materials science and engineering, such as the processing
of Si and SiO2 for microelectronic device
manufacture, development of high-temperature superconducting films, and synthesis of
ultrathin metal films and quantum dots with
unique electronic and magnetic properties.
These driving forces along with great instrumental developments in physics and physical
chemistry have led to the emergence since
the mid-1960s of the field of surface science—

Table 1. Surfaces play a key role in a wide
variety of technological processes.
Field
Biochemistry
Catalysis

Processes or materials

Membranes, colloids
Oil refining, natural gas
conversion, chemical
production
Combustion
Catalytic ignition, pollution
control, soot formation
Electronics
Semiconductor and solidstate device fabrication
and performance
Fusion
Plasma/wall reactions
Lubrication
Friction, high-temperature
service
Mining
Geochemistry, recovery
Paints and Coatings Adhesion, corrosion
inhibitors
Plastics
Production, molding
Solar Energy
Mirror technology,
photochemistry
Space Exploration Vacuum/material interfaces,
space shuttle "glow"
Surfactants
Soaps, foams, emulsions

the study of surface processes. A great deal
is now known about surfaces, mostly solid
surfaces, and about surface processes, but a
complete description and understanding of
any but the most elementary process is still
not possible. The surface science field is a vibrant one as advances are made toward an
overarching goal of atomic-level design and
manipulation of materials.
Since gases are miscible at all proportions, possible interfaces are S/S, S/L, S/G,
L/L, and L/G, where S, L, and G denote
solid, liquid, and gas phases, respectively.
Table 2 shows a partial listing of processes
that occur at the different interfaces. Primarily as a result of the analytical capabilities
currently available, the most fundamental information is known about solid surfaces and
interfaces involving solids. This article emphasizes an elementary and atomistic point
of view in describing some of the major
types of surface processes and so focuses on
solid surfaces and in particular on the gassolid or vacuum-solid interface. For a detailed treatment of the nature and thermodynamics of liquid interfaces, surface films
on liquid substrates, and the solid-liquid interface, the reader is referred to the classic
text by Adamson (1990). The interested

Table 2. Processes and effects at different
interfaces between the solid (S), liquid (L), and
gas (G) phases.
Interface
Gas

Solid

Liquid
Solid

Solid A
Solid B

Surface processes and effects
G/S Adsorption, catalysis,
condensation and nucleation,
corrosion, CVD, desorption,
diffusion, energy transfer,
etching, oxidation, permeation,
reaction, surface states, thinfilm growth
L/S Adsorption, capillarity, catalysis,
cleaning, corrosion,
electrochemical effects, etching,
friction, ion electromigration,
lubrication, nucleation and
growth, optical properties,
reaction, spreading, wetting
S/S Abrasion, adhesion, corrosion,
creep, delamination, diffusion,
epitaxial growth, friction, grainboundary, passivation,
nucleation, reaction,
segregation, solid-state device
fabrication, thin-film growth,
wear

Surface Processes
reader is also referred to the recent monograph by Sutton and Balluffi (1995) for the
basic ideas and principles relating to solidsolid interfaces.

1. SURFACE STRUCTURE
The cleavage of a solid forms two additional surfaces. The new surface atoms that
were previously embedded in a well-defined
and ordered bulk environment now suddenly
lack some of their neighboring atoms and
consequently some of their interactions.
Thus, there exist large changes in the coordination number (number of bonding neighbors) and electrical potential at an interface
or surface compared to that in the bulk
phase. This dramatically affects the electronic and geometric structure of surfaces,
along with the surface composition in multicomponent systems. Since the surface structure imparts the specific chemical and physical properties of the surface, we begin with a
discussion of changes that are inherent to a
solid surface.
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work spent to form a unit area of surface,
and the last term is the work required to
stretch the surface, which involves the surface stress. The last term of Eq. (2) vanishes
for liquids because G s does not depend on
the area; work is only required to form additional unit surface area, and G s is identified as the surface tension y. In the case of
solids, the surface tension and the surface
stress are not the same. Also, for anisotropic
solids we require formulation of a surface
stress tensor since the extent of stretching
(strain) induced by a given force depends on
the direction of the force. Tables for liquid
surface tensions are commonly available,
and these can provide a rough guide for solids. Refractory metals have some of the
highest surface tensions (^150 kJ/mol), with
lower values for oxides and other compounds, and the lowest values are for organic solids and polymers (yTefion < 0-5 kJ/
mol). The presence of surface tension has
several important consequences for solids:
Small particles assume a spherical shape
(within the constraints of their crystalline
structure), and nanometer-size particles have
increased vapor pressure and reactivity.

1.1 Thermodynamics of Surfaces
A proper thermodynamic description of a
system with a free surface must include an
extensive variable A, the surface area, and an
intensive variable y, the surface tension. Additional surface contributions to the Gibbs
free energy G per atom may be defined by
= NBG + AGS

(1)

where NB is the number of atoms in the bulk
and G s is the Gibbs free energy per unit
area. Similar expressions exist for other thermodynamic variables, e.g., enthalpy H and
entropy S, where Hs and S s indicate their respective surface contributions. Since solids
do not spontaneously cleave, formation of a
surface must increase the free energy. The
change in total free energy due to increasing
the surface area of an isotropic solid is equal
to the reversible work dW3, given by
^ )
TP

dA.

dA JTip

(2)
The first term of the sum in Eq. (2) is the

1.2 Surface Defects and Dislocations
Practical surfaces of crystalline solids exhibit simple structural imperfections (defects) on an atomic scale. Steps and kinks (at
the intersection of steps) occur as the macroscopic angle of the surface with respect to
a crystalline symmetry direction is produced
with low-free-energy atomic planes. Isolated
atoms (adatoms) and missing atoms (vacancies) on the flat terraces also exist as point
defects as shown in Fig. l(a). The reduced
coordination number (number of bonding
neighbors) of defect atoms induces changes
in the electronic structure at these locations
and imparts special reactivity. The presence
and distribution of steps affects the growth
rate of thin films because steps serve as preferential adsorption sites.
Line defects of the bulk structure, such as
edge or screw dislocations, may extend to
the surface. Figure l(b) illustrates how a
screw dislocation produces a ledge on the
surface, providing altered adsorption and nucleation sites. Grain boundaries at the intersection of separate crystalline regions are

276

Surface Processes
adatom at step edge

monoatomic step

adatom on terrace

(a)

(b)
FIG. 1. Schematic representation of surface defect structures, (a) Terraces, steps, kinks, adatoms, and vacancies, (b) A screw dislocation emerges at the surface.

preferential pathways for the interlayer diffusion of atoms.
Heterogeneous defect structures are
formed or induced by impurity atoms (such
as C, S, and O for metals and alloys) or aggregates that affect the surface stress and the
equilibrium arrangement of surface atoms.
Minimization of the total energy of the actual surface structure (including defects) is
the driving force for structural changes. A
common defect evolution via the diffusion of
adatoms, however, is often controlled kinetically, so that the surface does not necessarily
correspond to its equilibrium structure.
1.3 Relaxation and Reconstruction
Surface atoms rearrange into positions
away from those expected from the ideal termination of the bulk lattice in order to
achieve a new, more energetically favorable
configuration. The properties and reactivity
of the surface are affected by this reordering.
Two different phenomena are distinguished:
relaxation and reconstruction.
Relaxation is the movement of surface atoms perpendicular to the surface plane. This
is a common phenomenon for the closestpacked (i.e., lowest Miller index) planes of
metal surfaces, such as the fee (111) surfaces

of Pt or Ni. The interlayer spacings between
the first and the second layer, dn, the second
and the third layer, d23, etc., deviate slightly
from the bulk value dB. Generally, the relaxation (d12 - dB)/dB is (1-4)% of the nearestneighbor distance for transition metals, but
the more open the surface (increasing surface roughness) the larger the relative deviation can be, and these values can exceed
15%. In some cases it has been found that
the values for dxl and d34 are smaller than
dB, while the value for d23 is increased compared to dB. Relaxation and this oscillatory
behavior of the different interlayer spacings
have been measured extensively by low-energy electron diffraction (LEED). Prediction
of these oscillations and comparisons to experiment provide an active test bed for theoretical treatments of the energy minimization problem at metal surfaces.
Reconstruction is a term describing large
displacements of the surface atoms in three
dimensions from those positions expected
from the bulk lattice. This is a dominant
process for solids characterized by highly directional, covalent bonding of the atoms,
such as in semiconductors. The creation of a
Si(100) or Si(lll) surface initially leaves the
Si surface atoms with an unsaturated valence. Eliminating these broken bonds,
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called "dangling bonds," drives the reconstruction of Si surfaces: atoms change positions to saturate these bonds, i.e., minimize
the number of dangling bonds. This is
achieved via a so-called 2 x 1 reconstruction
to give rows of Si dimers (pairs of atoms)
with a 2 X 1 surface net for Si(100) and by
a very complex 7 x 7 reconstruction of the
clean Si(lll) surface that extends over three
layers. The latter surface structure was unresolved for many years until it was determined using electron diffraction and verified
by several techniques including scanning
tunneling microscopy (STM). Figure 2 shows
a structural model along with a STM image
of this surface.
Even some metal surfaces with lowMiller-index planes, e.g., the fee (110) surfaces of Au, Pt, and Ir, reconstruct forming
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"added-row" structures, and those with highMiller-index planes reconstruct to form ordered step arrays in order to maximize the
concentration of the low-free-energy, lowMiller-index planes.
Surface reconstructions occur for all compound semiconductors and for surfaces of
oxides and other compounds, but much less
information exists on the structures of these
materials on account of the difficult problem
of determining and controlling their surface
composition and stoichiometry under conditions suitable for surface analysis. It is of
great interest to know more about the surface structure of molecular solids, e.g., solid
water (ice), energetic materials such as propellants, polymers, and model membranes,
but these materials are very sensitive to
damage by probing electron or ion beams

FIG. 2. The "7 x 7" reconstruction of the
Si(111) single-crystal surface. Top: A STM
image on which a surface unit cell (rhombus)
has been overlaid (from Wiesendanger,
1994). Bottom: Schematic drawing of this
surface showing large-scale atomic displacements away from those positions for a simple termination of the bulk lattice. (From Takayanagi et ai, 1985.)
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used for analysis and are just now starting to
yield to detailed investigations.
1.4 Surface Segregation
Multicomponent systems have a different
surface composition compared to the bulk.
This phenomenon is called surface segregation and is largely due to different surface
free energies for the individual components.
In the simplest approach, using ideal-solution theory for a binary system AB, the component with the lowest surface free energy
will be found at the surface in a concentration given in terms of mole fractions x{ according to
(3)

where R is the gas constant and T is the
temperature. Since for liquid metals the surface tension is nearly proportional to the
heat of sublimation AHsubl (y *» O.\6AHsuhl),
then the metal with the lowest value of
A^subi segregates to the surface; and the bigger the difference yB — yA, the more different are the concentrations of the surface and
bulk. For most metal alloys these effects are
quite large, leading to nearly complete coverage of the surface by a component that
may be present in the bulk at negligible concentrations. More accurate expressions can
be developed using correction terms to account for enthalpy changes upon mixing in
the regular solution model and to account
for strain induced in the lattice by size differences in the components. Enhanced surface concentrations are found for the largest
atoms. Segregation will occur preferentially
to surface planes and positions with the
highest free energies, and this has a strong
effect on surface reactivity and structure, especially for small, crystalline particles typical
of catalysts.
1.5 Surface Alloy Formation
Interdiffusion or intermixing (alloying)
can occur to form a surface alloy film or a
bulk alloy (solid solution) in the deposition
of one miscible metal onto another. However, the altered environment inherent to
surfaces can lead to alloying in the surface

layer even when the bulk metals are completely immiscible, like in the case of Au on
a Ni(llO) single crystal. This phenomenon
results in surface structures with novel properties.
Strong chemical bonding between the
constituent atoms can lead to intermetallic
compounds with a well-defined structure in
the bulk and at the surface. These compounds usually have the formula AmBn,
where m and n are integers, and the surface
phase often corresponds to a structure of a
crystalline plane of the bulk material. By reason of surface free energies, ordered surface
phases can be formed that do not correspond to bulk crystal planes, such as in the
case of an ordered, metallic y-FeSi2 surface
alloy film formed by high-temperature annealing of an Fe film on a Si single-crystal
substrate. Surface science methods must determine the existence and properties of such
surface intermetallic phases, since they cannot be predicted by the bulk structures.
1.6 Electronic Structure at Surfaces
The 3D periodicity of the electronic potential is lost at the surface. This means that
new traveling-wave solutions of the Schrodinger equation exist, and these are known
as surface states—states with wave functions
localized at the surface that can have energies that are not allowed within the bulk
band structure. Surface states can also be
created by changes in the potential due to
relaxation, reconstruction, defects (e.g.,
emerging screw dislocations), or adsorbed
impurities. These special states affect the
electrical properties and the chemical reactivity of the surface by modifying the availability of filled or empty electronic states.
The localization of charge in these surface
states leads to another important effect—
band bending. The band structure of the
bulk solid is distorted by the varying electrostatic potential on passing from the surface
into deeper layers. The existence of occupied
surface states can result in surface potentials
on the order of millivolts or volts, and band
bending can extend on the order of microns
into the solid for insulators and semiconductors. Metals have negligible band bending on
account of efficient screening of the surface
charge by the conduction-band electrons.
Surface capacitance and surface conductivity
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are used to probe these electronic properties
(Prutton, 1983).
The work function of a solid surface controls the removal of electrons from a solid
surface, affecting the contact potential between two solids, thermionic and field emission of electrons, and bonding of adsorbates.
The work function <>
/ is the energy difference
between an electron at rest in the vacuum
just outside the solid and the most loosely
bound electrons inside the solid (at the
Fermi energy). In addition to the attractive
potential for conduction electrons in the
bulk, the value of <>
/ has several surface contributions: the image potential, due to electrostatic screening of charge outside of a
conductor; and the surface dipole layer, arising from the overextension of electron wave
functions beyond the ion cores at the surface, which leads to a charge imbalance perpendicular to the surface. The work function
depends on the geometry and composition of
the surface, the presence of surface roughness and defects, and the concentration and
nature of adsorbed layers. Typically the
value of (f> is measured via the photoelectric
effect, and work-function changes A<f) are
sensitively monitored by capacitance methods such as the Kelvin probe.

2. ENERGETIC-PARTICLE-SURFACE
INTERACTIONS
Surface processes involving energetic particles (photons, electrons, and ions) form the
basis for surface analytical spectroscopies
and for state-of-the-art processing methods
for producing solid-state electronic devices.
Depending on the energy and momentum
transfer of the interaction of these particles
with condensed matter, these processes may
be quite varied, ranging from nondestructive
probing of surface vibrations with IR radiation to atom ejection caused by impact of
high-energy ions. We provide here a brief
and phenomenological overview of several of
these important interactions. We discuss the
interactions of energetic particles with clean
and adsorbate-covered surfaces. This is appropriate since surfaces are usually covered
with monomolecular layers (monolayers) or
thin films of adsorbed atoms and molecules,
and these layers are important to many processes.
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2.1 Photon-Surface Interactions
The interaction of photons with surfaces
may be divided into photoabsorption, reflection, and scattering. Photoabsorption causes
specific elementary excitations (ionization or
electronic and vibrational transitions) in the
substrate or adsorbed layers. Additional transitions are possible at surfaces as a result of
the presence of surface states, surface plasmons (collective electron excitations), and
surface phonons (collective lattice vibrations). The excitation energies and excitedstate lifetimes of molecules in adsorbed layers are modified through the bonding to the
surface. Photodesorption, photofragmentation, and photon-stimulated desorption
(PSD) alter surface layers by breaking bonds.
PSD causes desorption of atoms and molecules from surfaces due to nonthermal
mechanisms under irradiation of ultraviolet
(UV) or higher photon energies. The bulk
photoabsorption technique of extended x-ray
absorption fine structure (EXAFS) can be applied to surface atoms in SEXAFS where the
photoabsorption signal is monitored with
surface sensitivity by means of the secondary-electron yield or Auger electrons. In
SEXAFS, as in EXAFS, oscillations appear as
fine structure above the absorption edge due
to interference between the emitted photoelectron wave and the waves backscattered
from adjacent atoms, and subsequent Fourier analysis yields surface structural information.
The dielectric response of the surface can
be derived by determining the surface contribution to the reflectivity. The simplest approach is to consider the substrate, surface,
and ambient as three phases separated by
sharp boundaries. The surface contribution
may then be from the outermost layer(s) of
the substrate or from molecular layers adsorbed on the substrate. Assuming that the
thickness of the surface layer is small compared to the wavelength of the light, one can
calculate the differential reflectivity AR/R
with and without the surface layer. The
value of AR/R is related to the imaginary
part of the complex dielectric function, Im e,
that is associated with the surface layer. This
model has been successfully applied to some
electronic transitions on semiconductors and
vibrational excitations in adsorbed layers. Ellipsometry (q.v.), one of the oldest surface-
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sensitively the valence electronic structure of
both the substrate surface and adsorbed layers at the surface. Angle-resolved photoemission has been a powerful tool for determining the energy and dispersion of the
electronic band structure of crystalline solids
and for studying surface states. A dipole selection rule governs photoemission, and a
simple form of the matrix elements can be
expressed as (f Ipli) • A, where i and f denote
the initial and final state, respectively, p is
the momentum operator, and A is the vector
potential of the electromagnetic field. By
constraining the outgoing photoelectron final
state (with the detector direction) and controlling the polarization vector of the incident light, one can derive straightforwardly
selection rules for the initial states that are
dipole-allowed and thus the orientation of
adsorbed molecules can be determined. The
majority- and minority-spin states in ferromagnetic systems can be distinguished if one
uses spin-polarized sources and detectors. In
inverse photoemission, electrons incident on
the surface transiently occupy empty electronic states and provide a mapping of the
unoccupied density of states.
Binding energies of electrons in atomic
core levels are characteristic of the probed
atom. X-ray photoelectron spectroscopy
(XPS), also known as electron spectroscopy
for chemical analysis (ESCA), is used for
quantitative elemental analysis of surfaces.
Small changes in these core-level binding energies due to changes in the number of valence electrons (oxidation state) make XPS a
rather unique pi;obe of the chemical state of
atoms at surfaces, e.g., distinguishing Fe° in
metallic Fe from the oxidized Fe + 3 in Fe2O3.
A different binding energy occurs for electrons in core levels of atoms at the surface
compared to the bulk—the surface core level
2.1.1 Photoelectron Emission (Photoshift. In x-ray photoelectron diffraction
emission) Photoelectron emission spectroscopy is based on the photoelectric effect.
(XPD), the photoemission intensity at a parLight incident on solid surfaces produces
ticular energy is measured as a function of
free electrons from the surfaces when the enthe incident photon energy (using synchroergy of the incident light exceeds the work
tron radiation) and/or the emission angle.
function cf> of the sample. Energy conserva- Modulation of this intensity occurs by intertion requires that the kinetic energy EK of
ference of the directly emitted photoelectron
the emitted photoelectron is given by the difwave with parts that are backscattered from
ference between the photon energy hco and
neighboring atoms. This gives local informathe binding energy EB of the electron in the
tion on distances to adjacent atoms in the
solid, according to the equation EK = hco — substrate or adsorbate, orientation of mole4> - EB. Ultraviolet photoelectron spectros- cules on surfaces, and overlayer growth
copy (UPS) uses 5-40-eV photons to probe
modes.

sensitive techniques, utilizes measurements
of the elliptically polarized light that results
from reflection of plane-polarized light from
a solid surface to determine concentrations
of adsorbed layers and surface film thicknesses. In recent years, using IR reflection
from surfaces has become one of the most
powerful probes of vibrations and identifying
the species present in adsorbed layers.
The scattering of high-energy photons as
applied in grazing-incidence x-ray scattering
or x-ray standing-wave (XSW) analysis is an
increasingly important tool in surface science. This method uses intense synchrotron
radiation and very low angles of incidence
(within 12° of the surface plane) to achieve
total external reflection accompanied by an
evanescent wave propagating along the surface to enhance the signal from the surface
in x-ray diffraction studies.
Photochemical and photoprocessing technologies involve surfaces. For example, light
absorption in the near-surface region of
semiconductors is an elementary step in the
operation of photovoltaic (solar) cells, and
photocatalysts utilize light absorption by the
surface region of an oxide such as TiO2 to
generate very reactive surface species that
can oxidize and decompose biomaterials and
chlorinated organic pollutants. Absorption of
intense laser light by a solid heats surfaces
and thin films to the melting point (or beyond) in 10~12 s. This interaction is the basis
for sources used to inject nonvolatile materials (e.g., large biomolecules) into mass
spectrometers, flash-annealing and quenching materials processing, and laser-induced
thermal desorption (LITD) that has been
used to study surface diffusion and reactions.
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2.1.2 Electromagnetic Fields at Surfaces There are a range of phenomena
particularly associated with the electromagnetic fields at surfaces. For example, giant
enhancements (by factors of 106) can occur
in the Raman-scattering cross section on surfaces, especially for roughened silver surfaces. Surface-enhanced Raman scattering
(SERS) thus became a viable vibrational
spectroscopy for surfaces even though the
Raman effect is a weak one. The large surface enhancement is primarily caused by the
strong local electric-field enhancements from
local plasmons associated with small structural features on the surface but also includes some additional local property associated with changes in the electronic states of
the system due to chemical bonding.
Second-order nonlinear optical processes
are allowed necessarily at surfaces or interfaces, but they are forbidden in media containing inversion symmetry. This specificity
makes two second-order nonlinear optical
spectroscopies, second harmonic generation
(SHG) and sum-frequency generation (SFG),
unusually surface sensitive. In SHG one
measures a signal emerging from the sample
at twice the frequency of the incident light
due to a nonlinear optical response of the
surface. In SFG one obtains a signal at the
sum of the two incident light frequencies
(typically visible and infrared) in order to
measure vibrational spectra. Both methods
allow for the determination of the second-order susceptibility ^su}rf> from which one can
obtain spectroscopic information and molecular orientation for adsorbed molecules. The
high spatial, temporal, and spectral resolutions associated with lasers used in these
techniques have led to a number of unique
applications for probing surfaces.
2.2 Electron-Surface Interactions
The interactions of electrons with matter
are usually characterized by elastic or inelastic scattering. Scattering events may induce
electronic excitations that decay via the
emission of light or electrons and related
secondary processes. The inelastic mean free
path of electrons with kinetic energies in the
range between 1 eV and several keV traveling through condensed matter is typically
smaller than 10 nm (100 A). Electron spectroscopies based on the detection of elec-
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trons at those energies are surface-sensitive
techniques. Inelastic-scattering events in solids include collective excitations of the electron plasma (5-20 eV), electronic (singleelectron-like intraband and interband)
excitations (5-20 eV), and core-level ionization (20 eV-10 keV). Incident electrons below 10 eV efficiently excite lattice vibrations
(phonons) and vibrational modes of molecules at surfaces, and this causes inelastic
losses that are below 1 eV.
Auger-electron spectroscopy (q.v.) (AES)
is the most widely used quantitative probe of
surface composition. In AES, an incident
electron beam of 1-5 keV causes core-level
ionization, and the ionized atoms relax efficiently via a two-electron nonradiative transition (the Auger process) in which another
electron (the Auger electron) is emitted with
an energy characteristic of the ionized atom.
This technique is carried out using a finely
focused, rastered incident electron beam in
scanning Auger-electron microscopy (SAM)
in order to obtain elemental composition
maps of the surface with <500-A resolution.
Much of the early information on surface
structure and morphology and surface diffusion came from field-emission microscopy
(FEM) (see FIELD EMISSION AND FIELD IONIZATION). Field-emitted electrons from a me-

tallic tip are accelerated toward a fluorescent
screen to produce a highly magnified image
of the tip. The related technique of field-ion
microscopy (FIM) typically uses He as an
imaging gas, which is ionized by the high
electrical field gradient at the sample tip, obtaining higher resolution than FEM. Electron
microscopies use a finely focused beam of
high-energy electrons rastered across the
sample to obtain a highly magnified image of
the probed area. Scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM) reveal details about
surface morphology for a wide range of materials, with a resolution down to about 50
A. Transmission electron microscopy (TEM)
has atomic resolution and requires thin films
as substrates, i.e., it is not inherently surface
sensitive. It can be used to determine surface
structure when a cross section of the film is
analyzed. Electron tunneling between the
sample surface and a conducting tip scanned
across the surface by piezoelectric ceramic
tubes is the basis for the scanning tunneling
microscope (STM), a revolutionary probe of
surface structure and morphology.
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Electrons are useful in surface modification processes, since electron bombardment
at energies exceeding a few electronvolts
breaks chemical bonds at the surface. Electron-induced dissociation (EID) refers to the
production of new surface species in adsorbed layers by dissociation of surface and
adsorbate bonds. Following ionization of an
atom or molecule, relaxation (sometimes via
Auger decay) causes desorption of surface atoms or adsorbed species in a process called
electron-stimulated desorption (ESD) analogous to PSD. In ESD and PSD, molecules
are excited to a strongly repulsive part of a
dissociative electronic state that leads to ion
ejection predominantly along the groundstate bond axis. This forms the basis for the
ESD ion angular distribution (ESDIAD) technique, which provides patterns like those in
Fig. 3.
2.2.1 Diffraction Diffraction occurs as
a special case of coherent elastic scattering
of electrons by atoms in a crystalline solid
and requires that the de Broglie wavelength
of the electron (A = hip) is less than or
equal to the lattice constant d. For metals, a
typical d value is 3 A, and so incident electrons with kinetic energies in the 10-200-eV
range (A = 1-4 A) undergo diffraction. This
forms the basis for an analytical technique
called LEED. The diffraction (spot) pattern
reveals information about the size and orientation of the unit cell of surface structures
with long-range order. More detailed analysis
of the two-dimensional (2D) structure of the
surface is possible when the width of the diffraction spots is measured (spot profile analysis, SPA-LEED). The measurement of the
spot intensity / as a function of the incident
electron energy (proportional to the gun acceleration voltage V) is called IV-LEED, and
dynamical scattering simulations of these
curves can provide bond distances at surfaces to within 0.1 A for small and simple
unit cells. In reflection high-energy electron
diffraction (RHEED), the electron beam hits
the surface at grazing incidence, and the diffraction spots form a semicircle-like pattern
around the specular beam spot. RHEED is
performed at incident energies of 20 keV and
can be used for in situ monitoring and investigation of film deposition and growth under
vacuum conditions.
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FIG. 3. ESDIAD patterns of CO + ions indicating particular tilt directions of the molecular CO axis with respect to the surface due to surface crowding of
chemisorbed CO species (from Kiskinova et ai,
1988).

2.2.2 Electron Emission Historically,
much of surface physics was concerned with
electron emission, and electron sources are
essential to a wide array of devices, such as
vacuum-tube amplifiers, and all electronbeam applications, e.g., electron microscopy.
Electrons emitted from a solid have to overcome the work function, which is typically
about 5 eV, and so high temperatures (and
thus W filaments) are required for thermionic emission of electrons. The coating of
these "hot cathodes" with thorium oxide, or
the use of LaB6, reduces the work function
and allows operation at lower temperatures.
This reduces problems with outgassing, a desorption of adsorbed gases from thermal
heating of the surrounding parts. Field emission occurs from very sharp metallic tips via
electron tunneling through the narrow potential barrier at the surface caused by the
application of a high negative voltage to the
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tip. The combination of a small tip radius
and high potential creates a large electrical
field gradient allowing electron emission at
very low temperatures (T ^ 300 K). These
sources are characterized by narrow electron
energy distributions and small source sizes.
The surface of a negative-electron-affinity
(NEA) source emits electrons under the influence of only modest electric fields at low
temperatures in a "cold cathode" source.
This is achieved by the combination of a
low-work-function material, like a Cs-covered Si surface, with a semiconductor device, where the energy level of electrons at
the heterojunction (Si-semiconductor interface) lies above the Cs-reduced vacuum energy level of Si. These NEA sources are
extremely interesting for a number of technologies like microwave tube applications,
high-definition monitors, and flat-panel displays.

the surface atoms. For relatively low-energy
ions (0.1-1 keV) dmin is smaller than interatomic distances, and ions slightly penetrate
into the surface but are predominantly scattered from the topmost surface layer. Severe
neutralization of ions in conductors insures
that scattered ions have trajectories that only
probe atoms exposed at the surface. Ion interactions with surface atoms may be described in terms of a collision process between two isolated atoms of masses mj and
m2, under the assumption that the energy
transfer is much bigger than the binding energy of the atom within the solid (a few electron volts). Simultaneous conservation of
momentum and energy leads to the basic
scattering equation that gives the final energy of the scattered ion (relative to the initial energy of the incoming ion) as a function of the mass ratio A = m2/m1 of target
mass m2 and projectile mass ml and the total scattering angle 6:

2.3 Ion-Surface Interactions
Ions incident on a surface at appreciable
kinetic energies (>5 eV) impart significant
momentum to the collision partner at the
surface, and this energy available from ion
scattering causes surface changes. In addition, neutralization via charge transfer upon
collision with a surface releases energy into
the incident species equal to the ionization
potential of the corresponding atom or molecule. Since ions can easily be accelerated,
deflected, or focused with electrostatic fields
and lenses, a number of surface analytical
spectroscopies have been developed using
ions, most notably ion-scattering spectroscopy (ISS), Rutherford backscattering spectroscopy (RBS), and secondary-ion mass
spectrometry (SIMS). The chemically reactive nature of ions has resulted in a variety
of surface-processing technologies involving
ions generated in plasmas near the surface
or in focused beams.
2.3.1 Scattering The interaction of
ions with surfaces depends primarily on the
ion kinetic energy. The higher the incident
ion kinetic energy, the smaller the distance
of closest approach <imjn between an incoming ion and a scattering atom. For thermal
energies dmin is of the order of interatomic
distances, and scattering happens at a potential slightly modulated by the geometry of

E{

1
(cos0 ± JA2 - sin20)2
(1 + A)'

(4)

This relation forms the basis for a surface
analytical technique called ISS, also known
as low-energy ion scattering (LEIS), that is
used to obtain information on the elemental
composition and the geometrical arrangement of atoms at a surface. In the simplest
application the energy distribution of scattered ions is recorded using a monoenergetic
incoming ion beam (0.2-5 keV) and a fixed
scattering geometry. Different peaks in the final ion energy distribution belong to scatterers with different masses.
It is also possible to determine the relative
geometrical position of surface atoms by
utilizing the angular dependence of the scattered-ion intensity. The main phenomena
that control the intensity dependence are
shadowing and blocking. A shadow cone results in a region behind a scattering target
atom where no ions may be found for the allowed ion trajectories. Shadowing (of other
scattering atoms) by atoms along the incident ion trajectories and blocking (of the detector) by atoms along the exiting ion trajectories cause large angular variations in the
scattered-ion intensities for a given geometrical arrangement of the near-surface atoms
when alkali ions (which have low neutralization cross sections) are used.
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The analytical technique high-energy ion
scattering (HEIS), called Rutherford backscattering spectroscopy (RBS) when using a
particles (He + + ions) typically at 1 MeV,
provides unique structural information about
buried interfaces and concentration/depth
profiles, yet can still reveal near-surface-sensitive information. The stopping power of
matter for a particles and other high-energy
ions is well known, and this leads to an absolute determination of concentration in the
solid. Since the average kinetic energy of the
H e + + ion that is dissipated (by long-range
interactions) is proportional to the distance
traveled within the solid, observation of the
H e + + ion energy loss gives a very powerful
tool for high-sensitivity, nondestructive depth
analysis. If the incoming beam is aligned
with a high-symmetry direction of a singlecrystal sample, which is often the case for
many practical Si-based devices, then the
scattering at the surface atoms will give rise
to a so-called surface peak with a well-defined energy loss. All other ions will enter
deep into the crystal—a process called channeling—and have only a low probability of
being reflected into the detector. The reflected-ion intensity, however, will not be
zero since scattering still occurs at imperfections or dislocations, or on account of thermal motion of the atom cores about their
equilibrium positions. The geometric structure of the solid can be determined since for
an arbitrary ion-beam direction all layers
will contribute to the reflected ion intensity,
which will be much higher than for the
channeling directions.

2.3.2 Sputtering and Implantation
Ion-surface collision at ion kinetic energies
above a few electronvolts can cause sufficient momentum transfer to eject surface
atoms. This removal of atoms is called sputtering; it abrades the surface like an atomicscale sandblaster. Theoretical simulations
that apply energy and momentum conservation provide information on the fundamental
processes that occur upon collision of an ion
and a target atom, ranging from scattering
and defect formation to sputtering. A sample
(calculated) ion trajectory is shown in Fig. 4.
Sputtering (q.v.) is a common method for
the cleaning of surfaces in ultrahigh vacuum
(UHV), where the pressure is below 10~7
Torr. A beam of typically 2-keV Ar+ ions
with a current density of 10 juA/cm2 on a
sample would typically remove material
from the surface at rates of 20-1000 A/min
depending on the sputtering yield, which is
determined by the "hardness" of the material. When more aggressive conditions are
used, i.e., very high (milliampere) ion currents, this process is called ion milling and
can cause macroscopic changes in the sample morphology. Sputtering is also utilized in
depth-profiling analysis of heterogeneous systems, where the surface composition is
monitored at the base of an etch pit formed
after gradual removal of surface layers. Secondary-ion mass spectrometry (SIMS) is
based upon sputtering of the sample. In
SIMS, the distribution of positive and negative secondary ions (primary ions are those
of the incident beam) ejected from the surface by ion-beam bombardment is recorded.
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FIG. 4. Monte Carlo simulation of
4-keV Ar + ions incident on a target of randomly distributed Cu atoms, (a) 10 incident Ar + ion trajectories, (b) resulting Cu recoil
distribution, and (c) the Cu sputtering events resulting from 50 incident ions. (From Ishitani and
Schimizu, 1974.)
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The elemental sensitivity and dynamic range
of SIMS are several orders of magnitude
higher than for AES and XPS, but huge variations in the neutralization efficiency of the
secondary ions means that SIMS is not a
quantitative probe in general.
Ion implantation can be carried out at incident ion energies of several MeV to provide
a known distribution of ions (which become
dopant atoms) at a specific depth within a
solid substrate. At very high incident ion energies (100 keV-4 MeV) dmin gets so small
that ions can enter deep (several microns)
into a solid; the shadow cone becomes very
narrow, and neutralization processes are dramatically reduced. This is a crucial commercial manufacturing process since doping of
semiconductors is required for the production of microelectronic devices. For example,
boron (B) is introduced into Si to produce pdoped material. SIMS using a calibration
provided by the known depth profile of highenergy ion implantation, e.g., B in Si, can be
quantitative and finds widespread use in
quality control in semiconductor fabrication
lines.

3. GAS-SURFACE INTERACTIONS
While incoming charged particles (electrons and ions) interact with a surface via a
long-range attractive Coulomb potential,
gases (neutral atoms and molecules) exhibit
much shorter-range interactions with the
surface. Four elementary processes in gassurface interactions are adsorption, diffusion, reaction, and desorption. All surface reactions begin with collision of the gas with
the surface or adsorbed layers. Gas localized
at the surface is trapped or adsorbed, but
still may be mobile in two dimensions and
diffuse across the surface. Reactions can occur within a colliding or adsorbed molecule
(e.g., isomerization or dissociation) or between coadsorbed species. Desorption is the
opposite process to adsorption and results in
the liberation of species from the surface
into the gas phase. A schematic of these gassurface interactions is shown in Fig. 5. Analogous processes exist for the L/G interface,
and also for the S/L and L/L interfaces,
where adsorptive molecules are furnished by
the liquid phase(s), but these interfaces have
not been studied in as much detail.
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3.1 Surface Collisions
Gases impinging on a surface may be either adsorbed or reflected from the surface
(not necessarily into a specular direction).
The incoming flux Z (number of particles per
unit time per unit area) may be rewritten as
a function of the partial pressure p of the
molecule in the gas phase as Z =
p(2irmkT)~m, where m is the mass and k is
the Boltzmann constant, and provides an absolute upper limit to the adsorption rate. The
following mainly considers collisions at thermal velocities. However, incoming gases with
hyperthermal energies (0.5-5 eV) are also of
interest. These interactions lead to collisioninduced dissociation (CID), where momentum transfer high up on the repulsive potential, the "hard wall," dissociates the colliding
molecule, but this dissociation occurs often
as the molecule is leaving (has left) the surface region and all of the fragments appear
in the gas phase.
3.1.1 Energy Exchange The adsorption of a gas requires minimally the loss of
incident translational energy perpendicular
to the surface, and this requires energy exchange with the surface. Even for gases not
adsorbed, the scattered gas will generally
leave the surface with a somewhat different
energy and momentum as a result of the interaction. If Tt and Tf denote the temperatures in the gas phase before and after the
collision, respectively, and Ts is the temperature of the surface, then the accommodation
coefficient, aT, is defined by
aT =

(5)

If there is little or no interaction between the
gas and the surface, the temperature in the
gas phase will not change much and aT will
be near zero. If, on the other hand, the gas
resides on the surface for a time that is large
compared to molecular vibration times (i.e.,
the gas-surface interaction energy is large),
the molecule will leave the surface with Tf =
Ts, and aT becomes 1. Analogous expressions
may be defined separately for the energy accommodation coefficient in each of the individual degrees of freedom of the gas, and
quantum-state-specific information about
surface-mediated energy transfer and relaxa-
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parallel —> normal
momentum transfer
internal —•> translational
energy transfer
surface deexcitation
(phonon, electron)

normal —> parallel
momentum
transfer
translational —> internal
energy transfer
surface excitation
(phonon, electron)

surface diffusion
adsorbate—surface energy transfer

FIG. 5. Possible steps for a surface-mediated reaction (after Tully and Cardillo, 1984).

tion of vibrational, rotational, and translational energy of incident molecules is emerging.
3.1.2 Atomic- and Molecular-Beam
Scattering Atoms with thermal energies
(<0.1 eV) do not penetrate into the surface
but are deflected at some distance above the
surface. This atom scattering can be used as
a surface structure probe. An atom beam,
mostly using thermal-energy He gas, can be
made monoenergetic with the aid of a nozzle
beam, a skimmer, and a rotating chopper
disk, and its energy can be measured with
time-of-flight (TOF) techniques. This experimental setup allows measurements of the
diffraction pattern from ordered hydrogen
adatoms, which are usually hard to detect by
electron diffraction, and a determination of
the adsorbed layer structure. One can also

measure the amount of the specularly reflected beam intensity compared to the diffuse scattering intensity as a function of
changing surface conditions. For example, a
good-quality, closed-packed fee (111) surface
shows almost no diffuse scattering, so that
the intensity of the scattered atoms appears
all in the specular beam. However, a surface
defect like a vacancy or an adatom leads to a
decrease of the specularly reflected beam intensity ISR. Since ISR depends nonlinearly on
the number of defect structures, atom scattering is a very powerful tool for the investigation of the distribution of defect structures, growth and diffusion mechanisms, and
2D phase transitions of adsorbates.
The dynamics of gas-solid interactions
can be probed by using a similar experimental setup to that for atom scattering in molecular-beam scattering (MBS) studies. In
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this case, a beam of molecules with well-defined parameters like kinetic energy, vibrational or rotational excitation, and in some
cases even molecular orientation and alignment is directed toward a surface. Moreover,
the angular and energy distribution of the reflected beam can be monitored via mass
spectroscopy and other laser-based spectroscopic probes, such as laser-induced fluorescence (LIF), to determine the population of
specific quantum states of the scattered
product to elucidate specific energy-transfer
processes occurring at the surface. This
yields detailed information on elementary interactions such as energy accommodation,
adsorption mechanisms, differential reaction
cross sections, and the potential energy surface describing the gas-surface interaction.
Activation energies for adsorption and reaction can be probed by varying the translational energy (and that of other internal degrees of freedom such as vibrational energy)
of the incident molecules and the surface
temperature.
3.2 Adsorption
The thermodynamics of adsorption is often evaluated phenomenologically in terms
of an adsorption function n = n(p,T), where
n is the number of adsorbed species (per
unit area) at a given temperature T and partial pressure p of the species in the gas
phase. Whenever the system reacts reversibly
upon changes in p or T, i.e., whenever n is a
function uniquely defined by p and T, the adsorption system can be described by equilibrium thermodynamics. In analogy to gasphase systems n = nT(p), n = np{T), and p
= pn(T) are then called adsorption isotherms, isobars, and isosteres, respectively.
The shape of the isotherm was used historically to supply evidence about the interactions in the system. A plot of the isotherm is
also a convenient form for the adsorption
data to compare with theoretical predictions
based on the assumptions in various microscopic models.
An expression for the simplest isotherm
can be derived by assuming that the surface
is homogeneous and the adsorbed species
show no interaction with each other so that
the adsorption energy is a constant. At equilibrium, the adsorption rate (ra = kap),
which is proportional to the partial pressure
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p in the gas phase, is equal to the desorption
rate (rd = kd6), which is proportional to the
concentration (coverage) 6 of species on the
surface, and this may be written in the form
6 = kp, with the constant k = kalkd being
characteristic for the particular adsorption
system. The resulting isotherm is simply a
straight line in a plot of coverage versus partial pressure. This so-called Henry's-law isotherm has been found experimentally for
only a few adsorption (physisorption) systems at very low coverages, and such behavior is not expected to hold for many real adsorption systems on the basis of the
assumptions used in the derivation.
Consider now the surface to have a total
number of adsorption sites n0, of which n
are occupied and hence n0 — n are empty.
The adsorption rate ra should then be proportional to the partial pressure p of the adsorptive in the gas phase and the number of
empty adsorption sites, and the desorption
rate rd will be proportional to the number of
adsorbed species, 0. At equilibrium the adsorption and the desorption rates are equal,
and this results in the Langmuir adsorption
isotherm
6=

kp
1
,
or - =
1 + kp
n

i

1

1
+ —.
n0

(6)

This expression implies that for low p the
adsorbed amount 6 is proportional to p (this
gives the Henry isotherm) and that at high
pressures n reaches the saturation value n 0
(i.e., 0=1). The right-hand form shows that
n 0 and k may be determined from the slope
and intercept of a plot of lln versus lip. An
independent derivation from statistical thermodynamics results in a functionally identical relation. Both derivations may formally
be made equivalent if the internal partition
functions of the molecule in the gas phase
and on the surface are assumed to be the
same. In general this condition is not met
because the adsorption process will at least
affect the rotational degrees of freedom on
account of the interaction with the surface,
and the Langmuir adsorption isotherm has
to be modified for a more accurate description.
One can easily derive a Langmuir isotherm also for the case of dissociative adsorption. Considering the adsorption of
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tion of the partial pressure. Expressions for
S are generally of the form S(0,T) =
S0(T)S(6), with So denoting the initial sticking coefficient on the clean surface and S(0)
A2(gas) + 2* <-» 2A(ads),
(7)
accounting for the influence of coadsorbed
(see below) molecules on the adsorption (upthe Langmuir isotherm for dissociative adtake) rate. So is a temperature- and strucsorption then becomes
ture-sensitive characteristic of the moleculesurface bonding, with values ranging from
10" 8 to 1. Simple expressions for S(6) are
(8)
1 - 0 and (1 - 0)2 for nondissociative and
dissociative Langmuir adsorption, respectively. The presence of weakly bound "preBrunauer et ah (1938) (BET) have excursor" adsorption states allows for diffusion
tended the approach by Langmuir to the imprior to desorption and causes values of S on
portant case of multilayer adsorption. They
adsorbate-covered or chemically modified
assumed a Langmuir-type behavior for each
surfaces to be higher than that predicted by
layer, with the heat of adsorption being Q
Langmuirian kinetics. At low coverages, S
for the first layer and Qv (heat of condensacan even be a constant, i.e., independent of
tion of the liquid layer) for the following laythe adsorbate coverage.
ers, with a further assumption that evaporation and condensation can only occur from
Coadsorption, the presence of two or
or on exposed surfaces. With just one pamore species on a surface, is a common rerameter it is possible to determine surface
quirement for surface reactions. A second
areas from adsorption data and knowledge
species in the adlayer also alters the local enof the adsorbate size (cross-sectional area).
vironment of adjacent adsorption sites and
Although this BET isotherm does not demodifies the reactivity of the surface by simscribe the experimental data over the whole
ply "blocking" (occupying) potentially reacpressure range, it has found widespread aptive sites and/or by directly or indirectly alplication for commercial rapid determination
tering the electronic structure of the surface.
of the surface area of solids. More refined
For example, submonolayer coverages of almodel isotherms have been derived, but they
kali metal atoms on transition metals redisalso introduce one or more additional patribute electron density at the surface and
rameters.
cause a large decrease of the work function.
This affects the probability and extent of
Surface lifetimes are key factors in a wide
electron-transfer reactions at the surface and
variety of surface processes. Under the limitthe nature and energetics of adsorption of
ing conditions of Henry's isotherm, n may be
coadsorbed molecules. The influence of such
rewritten as n = ZT with r denoting the life"modifiers" on reactions at the surface is the
time of the molecule on the surface. In the
origin of promotion (enhancement) and poipresence of attractive forces the lifetime is
soning (reduction) in heterogeneous catalysis
given by r = r0 exp(Q/kT), where T0 = hlkT
is a characteristic vibrational time (e.g., T0 *** and affects the designed modification of surface properties.
10- 13 s for T ~ 500 K), Q is the enthalpy of
adsorption, and T is the substrate temperature. Thus, T is very short for small values of
3.2.1 Physisorption and Chemisorption
Q and high T, and increases strongly with inThe nature of the gas-surface adsorption increasing Q and decreasing T.
teraction distinguishes two processes: physiThe number of adsorbed species n can be
sorption and chemisorption. Physisorption is
adsorption on a surface caused by longrelated more generally to the incoming gas
range electrostatic, van der Waals forces, i.e.,
flux Z with the introduction of a sticking coweak, nondirectional interactions between
efficient S defined as S = rJZ, where the adclosed-shell atoms and molecules. This insorption rate ra = dnldt. Recalling that Z
cludes dipole ++ dipole, dipole ++ induced dimay be written as a function of the partial
pole, and dispersion forces (induced dipole <-•
pressure p of the molecule in the gas phase,
induced dipole) with an interaction potential
S is determined from the experimental meaU proportional to 1/r6. Interaction energies
surement of the adsorption rate as a funcA2(gas) at an adsorption site on the surface,
denoted as *, to form 2A(ads) as in
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are typically lower than 30-40 kJ/mol, being
only a little larger than the heat of vaporization of the bulk (condensed) phase of the adsorptive. Physisorption forces operate for any
system, including on top of a chemisorbed
layer (giving rise to multilayer adsorption).
There is minimal evidence for perturbations
of the electronic states of adsorbate and adsorbent, the adsorption is not an activated
process, equilibration is rapid and often limited by transport processes, and the coverage
responds to changes in the partial pressure p
and the temperature T.
On the other hand, chemisorption involves chemical bonding interactions (covalent, ionic, or dative) usually greater than 40
kJ/mol, i.e., it is chemically specific and
therefore depends strongly on the surface
and adsorbate identity and structure. The adsorbate occupies specific locations (adsorption sites) on the surface. This does not necessarily imply that the adsorbate is frozen at
these sites, because mobile adsorbates can
diffuse across the surface, but as a time average the adspecies will be preferentially located in specific adsorption sites and not be
randomly distributed. The chemical nature
of the adsorptive gas may be altered by surface dissociation or reaction (and this may
not be reversible), and changes in the electronic states of the substrate surface are often detectable. The elementary adsorption
step is often activated (for dissociative adsorption), and a true equilibrium is only
slowly achieved if the activation energy is
large. The saturation coverage (maximum
surface concentration in the monolayer) is
on the order of 6 = 1014 molecules/cm2. This
is obtained even at very low pressures and is
insensitive to small changes in p and T.
3.2.2 Potential-Energy Diagrams The
interaction of a molecule and a surface is
usually discussed in terms of a one-dimensional (ID) potential function U{r), which is
similar to a pairwise potential for two molecules. The Lennard-Jones potential
(9)

can be expressed with only two parameters,
e and a, and is a reasonably realistic potential for nonpolar, spherical molecules. It can
be used to describe adsorption interactions,
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with r set now equal to the height of the adsorbate above the surface. For a complete
description of adsorption, physisorption and
chemisorption interactions must be considered, and a discussion of dissociative chemisorption must consider the interactions of
both the molecular and dissociated species.
Two potential curves describe the two processes, each with a different interaction energy (well depth) and height of the adsorbate
above the surface (equilibrium bond distance). Consider the dissociative adsorption
A2(gas) -> 2 A(ads) as depicted in Fig. 6. Incoming molecules usually follow an adiabatic pathway along the lowest-energy curve,
passing through the molecularly chemisorbed well and on into the dissociatively
chemisorbed well if energetically possible.
Commonly, the plot of the potential energy
versus the distance z perpendicular to the
surface will exhibit a local potential maximum between the minima of these two
chemisorption wells. The position of this
maximum with respect to the reference potential, where the free molecule is at some
large separation from the surface, determines the activation energy E* for dissociative chemisorption. If E* is negligible, i.e.,
the temperature coefficient of the adsorption
rate is very small, the chemisorption is said
to be unactivated and adsorption rates can
be high even at low temperatures. Activated
adsorption is required if there is a significant
E*f and adsorption rates are low at modest
temperatures and strongly temperature dependent. This energetic barrier results from
a correlation of the dissociatively chemisorbed species to the free molecular fragments (or to an excited state of the free molecule in cases of activated nondissociative
chemisorption where a barrier emerges between the physisorbed and chemisorbed
wells).
These diagrams are also useful to discuss
the system thermochemistry, showing clearly
endothermic or exothermic adsorption enthalpies, Q, the activation energies for the respective desorption processes, and derived
surface-adsorbate bond strengths. Consider
some experimental results on hydrogen adsorption on transition metal surfaces (Gasser, 1985). The dissociative chemisorption of
H2 on Pt surfaces is not activated, i.e., E* «*
0, and so the measured activation energy for
desorption corresponds to the heat of ad-
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2 A(gas)

A 2 (gas)

A 2 (gas)
A 2 (ads)

(a)

(b)

(c)
FIG. 6. Schematic potential energy diagrams for a diatomic molecule A2 interacting with a surface to form an
adsorbed A2 molecule, A2(ads), and dissociating to form two adatoms, 2A(ads), with its bond axis (bond length
d) parallel to the surface at distance z. (a) 1D Lennard-Jones diabatic curves V(z), where z is the distance of
the adsorbate perpendicular to the surface, showing the correlation between gaseous and adsorbed species, (b)
variation of the potential energy V{p) along an adiabatic path for the reaction coordinate p, and (c) 2D potentialenergy surface V(z,d), where d is the A2 intramolecular bond length.

sorption. For the dissociative chemisorption
of H2 on copper, E* > 0 and the energy required for the desorption process is given by
Ed = Q + E*. Endothermic (Q > 0) dissociative chemisorption of H2 on gold results
in a desorption energy given by E^ = E* —
Q. In this latter case it is not possible to
form H(ads) from H2(gas), but one still can
still form H(ads) from gas-phase H radicals
or from sufficiently activated (excited) hydrogen molecules H2(gas).
These ID models may be used to evaluate
some of the basic interactions, but a more
accurate description of surface processes and
dynamics of surface interactions certainly
has to include more than one coordinate. A
plot of the potential energy versus both the
distance z of the molecule from the surface
and the interatomic separation d within the

molecule gives a 2D potential energy surface.
The local minimum at large z corresponds to
the molecular precursor state, the local maximum to an activated intermediate complex
and the valley at low z to the dissociated
state. Analogous plots are used to describe
the progress of chemical reactions (see Sec.
4) as introduced by Eyring and Polanyi (Eyring et al, 1974-1975). The dynamics of surface reactions are best discussed in terms of
these 2D potential-energy surfaces. Trajectories on the surface are associated with a continuous transformation of energy between
the different degrees of freedom of the adsorbed complex, and one can evaluate the influence of translational, rotational, and vibrational excitations in the incident gaseous
molecules on reaction probabilities and
paths.
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3.3 Diffusion
The diffusion coefficient D(B) for moving
particles B on a surface A is defined by
Fick's first law:

a*

(10)

where J(B) is the flux (in one dimension)
from diffusion due to a coverage gradient
(density gradient in two dimensions) d[B]/dx.
Diffusion of surface atoms or molecules at
moderate temperatures is an activated process and experimental results are often expressed in the form
D(B) =

(11)

where Do is the preexponential factor and Em
is the activation energy for diffusion (migration). The energetic barriers to diffusion are
usually a small fraction (0.1-0.5) of the activation energy for desorption or sublimation,
and so diffusion occurs at much lower temperatures than desorption or sublimation;
and many surface species are mobile at
room temperature or above. Adatom mobility on semiconductor surfaces is smaller because of the highly directional covalent
bonding present that results in nearly equal
activation-energy barriers for diffusion and
desorption.
Two different microscopic mechanisms
for activated diffusion may be distinguished:
a hop-site mechanism and a place-exchange
mechanism, both illustrated in Fig. 7. In the
former, most common situation (necessarily
for admolecules) diffusion occurs by the particle hopping from site to site (minima in the
surface or adsorption potential energy wells)
with a nearly instantaneous transition over
an energetic barrier that separates the well
minima in two dimensions and normally
coming to rest in a new equivalent position
one lattice site away. In the second mechanism, atoms insert into interstitial sites, and
migration occurs via displacement of an adjacent atom. This involves a local strain deformation of the surrounding atoms along
the diffusion path (Kellogg, 1994).
Within the context of the hop-site mechanism, the mean intersite jump frequency F
may be expressed by absolute rate theory as

(a)

(b)

FIG. 7. Two mechanisms for surface diffusion (from
top to bottom), (a) Hop-site mechanism, (b) Place exchange mechanism.

kT

(AS*m\

-En
kT

(12)

assuming unity transmission coefficient at
the barrier, where AS^ is the activation entropy and Em is the intersite activation energy barrier. The diffusion coefficient is related to the jump frequency by D = a2F/2a,
where a is the intersite jump distance and a
= 1 or 2 for diffusion in one or two dimensions, respectively. Assuming a random walk,
the mean square displacement (x2)m in time
t is given by
(x2)m = (Ft)ma.

(13)

The preexponential Do in Eq. (11) can be determined from Eqs. (11) and (12) to be Do =
va2l2a, where v is the frequency factor in Eq.
(12), i.e., v = (JcT/h) exp(AS^). A rough estimate of the value of Do can be made by assuming ASb = 0, with Do ~ 2 X 10 ~3 cm2
s" 1 for T = 500 K, a = 3 A, and a = 2. The
efficiency of this process also depends on the
number of vacancies, in addition to the fre-
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quency of jumping to a neighboring vacancy,
and so one expects a coverage-dependent
value of Do in addition to a coverage-dependent value of Em due to lateral interactions.
Experimental measurements of diffusion
mechanisms (including the role of tunneling), diffusion coefficients, and diffusion activation energies on well-defined single-crystal surfaces have now been performed
utilizing many different surface spectroscopies. Most of our information on metal-onmetal diffusion has come from observation
of individual adatoms using FIM. These
studies revealed that Em *** 0.3Ed. Direct adatom observation can now also be carried out
by STM. Surface diffusion of adsorbates has
mainly been studied with LITD using coverage-gradient methods in which a sharp
boundary between clean and adsorbate-covered regions is formed at low temperatures,
and a surface probe is utilized to follow diffusion across the boundary as the temperature is raised. Now, diffusion can also be
probed by grating methods utilizing lasers
and other structure-sensitive probes like
atom scattering.
Diffusion is a dominant mechanism for
material transport and can be a rate-determining step in a variety of processes. Reconstructive phase transitions, annealing of surface roughness, segregation, and crystal
growth are processes that all involve material (atom, molecule, etc.) transport. In many
practical examples, as in polycrystalline materials, diffusion of atoms along grain
boundaries occurs simultaneously with diffusion across the lattice, and this complicates the observed kinetics from that discussed above.
3.4 Desorption
Desorption is the removal of adsorbed
species from a surface into a free adsorptive
phase. Adsorption/desorption equilibrium is
established when the desorption rate (always
an activated process) is equal to the adsorption rate. Increasing the surface temperature
increases the desorption rate by providing
more thermal energy (primarily due to phonon coupling with the degrees of freedom of
the adsorbate-surface complex) that can be
used to overcome the desorption activation
energy barrier.

The desorption rate expression can be
written in the form
rd =

kd0n,

(14)

where kd is the desorption rate constant,
usually given by an Arrhenius expression kd
= vn exp( — Ed/RT), 0 is the surface coverage
of desorbing species, and n is the kinetic order of the desorption reaction. For sublimation of multilayer films, n = 0, while n = 1
for atomic or molecular desorption from an
adsorbed monolayer, and n = 2 for desorption processes where bimolecular recombination at the surface occurs prior to desorption. The desorption activation energy Ed
often shows strongly coverage-dependent
changes, reflecting lateral interaction effects
of adsorbates on adsorption energies. While
this expression describes the kinetics of the
desorption process, the dynamics of the
event is not included. Detailed dynamical information now exists for a variety of desorption processes, and atoms and molecules are
often observed to emerge from the surface
without being fully equilibrated to the surface temperature. This is manifested by
noncosine angular distributions and translational, rotational, and vibrational energylevel populations that do not reflect the surface temperature and are not necessarily
described well by Boltzmann distributions.
This is especially true for the desorption of
the products of exothermic surface reactions.
Temperature-programmed
desorption
(TPD) or thermal-desorption spectroscopy
(TDS), in which the surface temperature is
increased linearly with time, is a widely used
technique in surface science to determine activation barriers for desorption or surface reaction and binding energies of adsorbates in
specific adsorption sites. During the temperature ramp, a mass spectrometer is used to
monitor the desorption flux of previously adsorbed species, determining the identity of
all desorbing gases and measuring their desorption rates.
Energy can be provided to the adsorbatesurface complex by other (than thermal)
means, and this can be used to overcome the
activation barrier to desorption. These other
excitation mechanisms are more specific in
their activation of adsorbed molecules compared to thermal desorption and give rise to
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ESD, PSD, ion-induced desorption, and collision-induced desorption.

4. SURFACE REACTIONS
The simplest surface reactions at the gassolid interface are dissociative chemisorption, in which bonds are broken in the incoming molecule to produce surface-bound
atoms, and adatom recombination, in which
bonds are made between surface-bound atoms. Surface reactions can be divided into
two primary categories. In the first case, the
solid surface catalyzes a chemical reaction
but does not undergo any net chemical
change itself, e.g.,
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dency of one desired reaction product to be
produced over all others. Dispersion is the
term used to define the fraction of total catalyst atoms that are present at the surface.
Most catalysts are characterized by a very
high dispersion of the active phase to increase the contact area between the catalyst
and the reactant/product fluid. In the case of
metal-based catalysts, this usually occurs by
the formation of small separated crystallites
(<20 A) on a porous, high-surface-area oxide support (which also greatly reduces sintering—the agglomeration of small particles
to form a larger one), typically leaving more
than 50% of the active catalyst exposed at
the surface.
Three major types of catalysts may be distinguished:

Fe2O3 •

CO(g) + H2O(g)

CO2(g) + H2(g).
(15)

Heterogeneous catalysis relies on this class
of reactions to carry out the majority of the
processes required for the chemical and petroleum industries. In the second case, the
solid surface is directly involved in the reaction by compound formation. Reactions like
Ni(s) + CO(g)-> NiC(s) + NiO(s)

(16a)

are involved in describing oxidation and corrosion, while reactions like
Ni(s) + 4CO(g)-+Ni(CO)4(g)

(16b)

are typical for etching processes. The elementary processes described in Sec. 3 are
important for both categories of reactions.
4.1 Heterogeneous Catalysis
Catalysis occurs by the acceleration of the
rates of chemical reactions without net consumption of the catalyst and without any influence on the overall reaction thermodynamics (equilibrium balance). Heterogeneous
catalysis means that catalyst, reactants, and
products involve more than one phase. This
is the case for the majority of industrial catalysts, where the catalyst is a solid (surface)
and the reactants and products are in gaseous or liquid phases. A catalyst is characterized by its activity—the rate of a catalyzed
surface reaction—and its selectivity—the ten-

1. electronic—oxidation and reduction,
2. acidic—ionic, and
3. structural—molecular sieves.
Oxidation and reduction catalysts usually involve electron transfer to or from the solid
surface. Solids with free or easily excited
electrons, like transition-metal surfaces (Fe,
Pt, Ni) or semiconductors (NiO, ZnO) are
likely catalysts. Metal surfaces commonly exhibit spontaneous H2 and O2 chemisorption
and are the preferred catalysts for
(de)hydrogenation, reduction, or oxidation.
The activity of catalysts using different transition metals varies over several orders of
magnitude, e.g., eight for the hydrogenolysis
of ethylene (CH2 = CH2 -> CH4). Often this
variation is described by a "volcano" plot in
which one transition metal is the best (at the
top of the volcano) and metals to the left or
right in the periodic table have lower activity. Ionic catalysts, like the insulators A12O3
or SiO2, with acidic functional groups are
used for cracking and isomerization (skeletal
rearrangements) that occur via carbonium
ion mechanisms common in organic chemistry. Shape-selective catalysts, like zeolites,
have high internal areas (100-500 m2/g) and
well-defined pore structures with sizes on the
order of molecular dimensions. The control
exerted by the zeolite on diffusion of reactants and products through the pores significantly alters the overall activity and selectivity from that of the acidic functional groups
of the zeolite itself (or of the metal catalyst
particles placed into the zeolite cages). Fi-
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nally, catalysts contain (usually but not always by design) chemical additives that dramatically modify the observed activity and
selectivity. These are called promoters or
poisons depending on the desirability of
their action.
In part, surfaces enhance reaction rates
simply on account of dimensionality (adsorbed reactants are confined to movements
within two dimensions only). Of course the
main effect of a catalyst is to lower rate-limiting energetic barriers due to stabilization of
transition states and reaction intermediates,
as shown in Fig. 8.
Two main reaction processes are distinguished in heterogeneous catalysis (Adamson, 1990). The Langmuir-Hinshelwood (LH)
mechanism
A(ads) + £(ads) -+ Products

(17a)

involves the reaction of two adsorbed species. A simple reaction rate law can be formulated that is proportional to the surface
coverages 0(A) and 6(B), and these can be expressed by Langmuir adsorption isotherms.
The Eley-Rideal (ER) reaction mechanism
A(ads) + B(gas) -* Products

(17b)

takes place as the direct result of a collision

Transition state

——^ a ^* Products

Reaction coordinate

FIG. 8. Schematic representation according to transition-state theory of a homogeneous reaction (solid
line) and a heterogeneous reaction (dashed line), illustrating how catalysts increase reaction rates by
lowering the energetic barrier to reaction (from Gasser, 1985).

between an impinging gas molecule and a
molecule adsorbed on the surface. In this
case, the rate expression can be given as proportional to the surface coverage 6(A) and
the pressure of B. The occurrence of these
two mechanisms in a variety of surface reactions has been debated over the years,
with the result that nearly all thermal surface reactions are thought to proceed via a
LH mechanism and coadsorbed reactants.
However, recently several reactions have
been demonstrated in carefully controlled
studies to occur via an ER process (Rettner
and Auerbach, 1996).
A surface-science approach to catalysis offers the possibility of investigating catalytic
surface processes at a molecular level. The
most powerful probe of reaction mechanisms
is modulated molecular-beam reactive scattering (MBRS), where an incident molecular
beam is chopped and the TOF of incident
molecules is determined by phase-shift measurements. These time-dependent studies are
capable of differentiating between different
reaction mechanisms by measuring (through
the phase lag) the residence times of reacting
molecules on the surface. Model systems
have been studied to understand the role of
individual reaction steps in the overall activity or selectivity of a given catalyst system. A
challenge for current research is to bridge
the "pressure gap" that exists between UHV
surface-science studies and the high pressures (1-100 atm) of commercial chemical
processing. Providing the basic physicochemical foundation for these processes is important for the many catalytic challenges that lie
ahead, e.g., the activation of methane (CH4)
to produce useful fuels and chemicals from
the vast quantities of CH4 that are available.
An example that illustrates the interplay
between elementary surface processes and
their effect on the catalytic reaction mechanism and the observed rate law is the catalytic reaction of NO and CO over Rh. This is
a key reaction for control of pollution from
engine exhaust gases. One proposed mechanism on Rh(100) surfaces is shown in Table
3 (Hendershot and Hansen, 1986). The rate
law shown for the overall reaction is "simple" for a first-order rate-determining step
(rds) even though the reaction mechanism is
rather complicated. If the dissociation of NO
(step 3) is the slow step, then it is straightforward to derive the LH rate law given.
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Table 3. Mechanism of the NO + CO reaction
on Rh(100) surfaces. Overall rate is
d[CO2]
k3K2p(CO)
dt
+ K2p(NO)'
1 +

(1)
(2)
(3)
(4)
(5)

Reaction

Rate
constant

CO(gas) •* CO(ads)
NO(gas) +* NO(ads)
NO(ads) - N(ads) + O(ads)
2N(ads) -> N2(gas)
CO(ads) + O(ads) -> CO2(gas)

Kj
K2
k3 (rds)
k4
k5

Surface-science studies have elucidated a
detailed reaction mechanism for the NH3
synthesis reaction (Ertl, 1983), as shown in
Fig. 9. The reactants N2 and H2 chemisorb
on the Fe surface, surface intermediates are
formed that sequentially hydrogenate to
form NH3, and the products desorb and free
the Fe surface for further reaction. In this
case, the catalyst greatly speeds up the reaction via lowering the barrier to the dissociation of dinitrogen (bond dissociation enthalpy = 945 kJ/mol or 226 kcal/mol) in the
gas phase by forming stable Fe-N bonds for
adsorbed nitrogen adatoms.
4.2 Oxidation and Corrosion
Topologically, the growth of surface oxide
films involves elementary reactions at the oxide/adlayer interface, inside the oxide layer,
and at the metal/oxide interface. In the oxidation of metals, the oxygen-containing molecule (typically O2) first has to chemisorb
dissociatively on the surface. Adsorbed oxygen may then migrate on the surface in the
form of a polarized or charged adparticle,
may occupy a subsurface site, or may diffuse
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into the crystal. Rearrangement of surface
atoms occurs with dissolution of oxygen into
the near-surface region, and oxide islands
nucleate, grow laterally, and eventually coalesce to produce a continuous oxide film.
Growth of surface oxide films is dependent
on the diffusion of cations, anions, and electrons through the oxide layer. Already in
1949, Cabrera and Mott (1949) developed a
mechanism that described the growth kinetics of very thin (10-50 A) films in which
electrons tunnel through the oxide film to
produce oxide ions from the oxygen atoms at
the surface and induce a large electric field
gradient at the surface, which enhances cation diffusion into interstitial sites of the oxide from the metal-oxide interface. Typical
rate laws for the film thickness d with oxidation time t show a logarithmic dependence, dox = kl\og(k2t + k3) (low-J oxidation
of Fe), parabolic dependence, d?ox = kxt + k2
(high-71 oxidation of Fe), or unimpeded dependence, dox = kxt + k2 (light metals, like
Na, Ca, Mg).
Many other oxidation reactions involving
halogens, chalcogenides, and carbon-containing molecules proceed to form surface compounds on solids. Examples include the formation of metal chlorides, sulfides, and
carbides following chemisorption of Cl2,
H2S, and CO, respectively, the conversion of
CuO catalysts to CuCl2 upon exposure to
HCl, and the formation of volatile fluorides
of Si following exposure to XeF2 (etching).
Corrosion reactions on metals are extensive oxidation processes consuming large
amounts of the metal, and corrosion often
refers to the loss of material from the solid
due to dissolution or flaking of the oxidation
products at the surface. Corrosion is an elec-

FIG. 9. Potential-energy diagram
showing the thermochemistry of
catalytic NH3 synthesis over Fe
surfaces. The activation energy P
for the rate-limiting reaction step
actually depends on the Fe surface structure and the amount of
adsorbates (coverage) on the surface. Energies are given in kcal/
mol. (From Ertl, 1983.)
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trochemical process, as shown in Fig. 10,
where O2 and liquid water are depicted as
essential ingredients for the rusting of iron.
In some cases, the oxidation products may
themselves offer corrosion protection. The
oxidation of aluminum alloys, extensively
used in aerospace, commercial, and semiconductor industries, produces a 20 A film of
A12O3, which forms a protective coating
against further oxidation below 400 °C.
Stainless steels, known for their high
strength and superior workability, obtain
their corrosion resistance by the formation
of a thin passivating oxide layer of Cr2O3. In
most cases, however, corrosion inhibition is
achieved by added adsorbates, such as in the
use of imidazoles to inhibit copper corrosion, or by dense polymeric protective films
(paints and coatings).

5. DEPOSITION AND SURFACE
PROCESSING
Deposition and surface modification processes are used extensively in the semiconductor industry for the production of solidstate microelectronic devices. In this section
we briefly describe atomic processes occur-

FIG. 10. The oxidation of Fe produces Fe ions and
electrons that are then combined with oxygen and
water at the cathode to form (OH)" ions. Rust formation occurs due to recombination of Fe 3+ and
OH~ ions that can be formed if water and oxygen
are present simultaneously.

ring during crystal growth, focusing on nucleation and growth mechanisms in deposition processes for the production of epitaxial
thin films, and comment on important applications in etching, lithography, and the
emerging field of nanotechnology. The interested reader is referred to the book by Sze
(1988), in particular to the chapters on epitaxy by Pearce, etching by Schutz, and lithography by Watts.

5.1 Nucleation
Nucleation is the formation of very small
particles of a new phase due to random fluctuations in the density. Particles larger than
a critical particle size tend to grow, and
those below it tend to dissolve. The critical
size balances the free energy of formation of
the particle and the surface free energy of
the particle, and particles greater than the
critical size tend to grow because the surface-to-volume ratio decreases with increasing particle size. In nucleation on surfaces
under nonequilibrium conditions (which is
usual), the nature of the surface plays a significant role. The critical particle size then
depends on the adsorption, diffusion, and interaction parameters of the particular system. In the case of adparticles on a surface,
at high AJJL (chemical potential difference, or
thermodynamic driving force), extreme values of the critical particle size i are i = 1,
i.e., adatoms only have to meet each other,
and i = 0 in the case of defective surfaces,
i.e., adatoms "just" have to occupy a special
adsorption site to initiate growth. Flat surfaces have different nucleation rates than
stepped surfaces. In the absence of island
nucleation the condensation coefficient is a
function of the step density. At low A/JL
growth does not occur at a measurable rate
on flat surfaces but is mediated by screw dislocations.
With the aid of STM, and the related
technique atomic force microscopy (AFM), it
is now possible to monitor nucleation at an
atomic scale in the vapor deposition of thin
films. Systematic investigations with atomic
resolution of the adsorption of atoms and
nucleation on "perfectly" flat terraces and
studies of the influence of step structures,
defect structures, impurities or coadsorbed
particles, temperature, and incident flux have
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allowed new insight into nucleation phenomena.
A sketch of atomistic processes responsible for nucleation and growth of thin films
on a solid substrate is shown in Fig. 11
(Venables, 1994). Particles from a dilute gaseous phase arrive at the surface with a rate r
to form adatoms. Their mean displacement x
from their arrival site during their residence
time on the surface, T, i.e., prior to evaporation, will depend on the kinetic parameters
of diffusion and desorption and may be written as
\l/2

x = (Dr)m = a[ — } expl

'Ed - En
2kT

(18)

where D is the diffusion coefficient, a is the
jump distance, and vm and vd are the frequency factors and Em and Ed the activation
energies for diffusion and desorption, respectively. Since typically Ed « 3Em, xla can be
large at suitably low temperatures, and this
allows the adatom to encounter specific sites
and other adatom structures to which it
might bind before re-evaporation. Critical

factors affecting the concentration of nucleated clusters are the density of adatoms on
the surface and the binding energy between
two atoms.
5.2 Growth Mechanisms
Three different growth modes for the deposition of material A on a substrate B are
distinguished as shown in Fig. 12:
1. a perfect layer-by-layer growth, Frank-van
der Merwe (FM);
2. 3D growth directly ontop of the substrate,
Volmer-Weber (VW); and
3. a combined growth where the first
layer(s) grow(s) in two dimensions and
every subsequent layer in three dimensions—Stranski-Krastanov (SK).
These growth behaviors can be rationalized
in terms of a simple thermodynamic model
that takes into account the relative surface
free energies yA and yB, the free energy of
the overlayer-substrate interface yAB, and the
crystallographic misfit between the deposit
and the underlying substrate surface. If yA +

EVAPORATION

m
SURFACE DIFFUSION

mm
'/INTERDIFFUSION

(desorption) Ea, diffusion Em, and

\ ^ J
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(after Venables, 1994).
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Frank-van der Merwe

Stranski-Krastanov

Volmer-Weber

FIG. 12. Schematic view of the three topologically distinct epitaxial growth modes. Growth proceeds from left to
right according to each mechanism.

TAB < 7B> island growth (VW) is favorable. If
<
JB
JA + 7AB> then B atoms tend to cover
the surface completely, and a layer-by-layer
growth (FM) is obtained. In the latter case,
however, yAB often increases with the thickness of the layer because of strain in this
layer. Beyond a critical layer thickness, island formation is thermodynamically favored, resulting in layer-plus-island growth
(SK), a rather common growth mode. Many
practical layered structures of technological
importance, most notably semiconductor
heterostructures and magnetic superlattices
of alternating layers (ABAB . . .) of a magnetic metal (Fe, Co, Cr, etc.) and a noble
metal (Cu, Ag, etc.) are grown under kinetically limited conditions, i.e., they are far
from being equilibrium structures, and so
growth modes in these systems cannot be so
simply classified.
The 2D and 3D islands formed during
growth exhibit a wide variety of structures
depending on a complex relationship among
all of the parameters affecting nucleation
and growth, such as the incident flux, surface temperature, diffusion constants, and so
on. Island shapes range from ramified (fractal) structures due to low diffusion mobility
along the island edges to polyhedral and triangular structures. Figure 13 illustrates how
temperature affects the density and shapes
of 2D Si islands grown on the 7 X 7-Si(l 11)

surface. Stepped (vicinal) surfaces have been
shown to exhibit strong anisotropic effects
for diffusion along or across the steps, and
this strongly affects the shapes of these islands. Reconstructed surfaces with row
structures exhibit similar effects.
A detailed description of film growth has
to include a kinetic model of the elementary
microscopic processes. Theoretical modeling,
calculations, and simulations are especially
useful since measurement and control of
many of the elementary processes are not directly accessible from experiments. In kinetic
Monte Carlo simulations (see MONTE CARLO

atoms are deposited randomly on
a well-defined surface and any of the kinetic
parameters can be varied to explore their influence on interface structures and growth
rates. Using either calculated or model interaction potentials, molecular dynamics calculations (see SIMULATION BY MOLECULAR DYNAMICS) can provide 3D trajectories of
individual atoms in large systems of atoms
interacting with each other and the surface.
Comparable nucleation and growth mechanisms operate in electrocrystallization of
metals on electrodes. In the electrochemical
environment a complete monolayer may easily be grown by a process called underpotential deposition (UPD). When the chosen potential is slightly "under" the potential
necessary for bulk deposition, e.g., Ag on a
METHODS),
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FIG. 13. Sequence of STM images showing the results of nucleation and growth of Si islands on a
Si(111) 7 x 7 surface at different
substrate temperatures: (a) 20 °C,
(b) 250 °C, (c) 350 °C, (d) 450 °C,
and (e) 550 °C. On the perfectly
triangular island in (e), the second
epitaxial layer is visible. (From
Kohler et aL, 1989.)

Ag electrode, it is possible to deposit a
monolayer of Ag on Au but impossible to deposit more Ag at the same potential.
Epitaxy is a special type of growth process where the orientation of the grown film
is determined by the single-crystal substrate.
A major application for epitaxy is in semiconductor device fabrication. Homoepitaxy
means that the grown layer is identical to
the single-crystal substrate (e.g., Si on Si, or
diamond on diamond) while heteroepitaxy
refers to growth of one material on a substrate of another material, and this can be
done even when their lattice constants are
different (e.g., Si on Ge, or AL^a^^As on
GaAs). Heteroepitaxy, in particular, gives the
opportunity for modifying electronic and
magnetic properties of thin layers with respect to bulk properties. For example, the required high resistivity for high breakdown
voltages of transistors simultaneously limited
the frequency behavior and power dissipation in the case of the bulk wafers used historically, but the epitaxial growth of a highresistivity layer on a low-resistivity substrate
solved this problem. The strain induced in
the film grown in the case of a significant
lattice mismatch between the bulk lattices of
the film and substrate, however, restricts heteroepitaxy to occur only below a critical
thickness.
5.3 Deposition Methods
A wide variety of processes have been
used to deposit materials, including those using liquids, ion-beam (sputter) deposition, la-

ser vaporization deposition, molecular-beam
epitaxy (q.v.) (MBE), and chemical vapor
deposition (CVD). Here we can only consider
two methods. CVD processes have found
widespread application for the preparation
of thin films of conducting, semiconducting,
and insulating materials needed for the fabrication of integrated circuits. CVD uses gasphase molecules [precursor gas(es)] that contain the elements required for the deposited
materials and is carried out at pressures
from 10~3 to 760 Torr (1 atm). The precursor gas can be "activated," i.e., made more
reactive, photochemically (laser CVD) or by
a radio-frequency (rf) or microwave plasma
reactor [plasma-enhanced CVD (PECVD), or
plasma deposition]. The morphology (crystallinity, defects, impurities, etc.) and the
growth rate are found to depend on the substrate, precursor gas, additional reaction
gases, etching agents, gas concentration, total pressure, and temperature. For a discussion of the fundamental surface chemistry
and kinetics in an exemplary CVD process
(W metal deposition using WF6 and H2), the
reader is referred to Creighton (1994); see
also CVD (CHEMICAL VAPOR DEPOSITION).
Some other materials that have been deposited by CVD techniques can be mentioned. The CVD growth of Si epitaxial thin
films can be carried out using SiHCl3 and
H2. Silane (SiH4) and germane (GeH4) are
common precursor gases for thin-film deposition of Si^^-Ge-c heterostructures, while
metal carbonyls and organometallic com-
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pounds are suitable for the deposition of
metal films (Al, Cd, Ni, Fe, etc.). Polycrystalline Si thin films can be deposited at room
temperature by PECVD using SiH4, SiF4, and
H2. The crystalline fraction increases significantly with addition of SiF4, indicating the
role of etching agents that preferentially remove amorphous material. Low-pressure
synthesis of diamond can also be carried out
with a variety of molecules as carbon
sources in CVD. One possible layout of a
PECVD system for diamond growth consists
of a parallel-plate rf plasma reactor operated
with methanol, a hydrogen radical source using a microwave discharge for the etching of
nondiamond carbon phases, and a laser for
substrate heating.
MBE is essentially a highly controlled
evaporation process that occurs in UHV.
MBE has a number of inherent advantages
over CVD techniques. Its main advantage for
growing thin films is low-temperature processing, which minimizes unintentional diffusion processes. This is especially important
for the growth of quantum wells and quantum wires, which are made from ultrathinlayer structures that generate electron-confining potential wells on such a small scale
that particle-in-a-box electronic quantum
states are produced. For example, the growth
of AlGaAs on vicinal (110) GaAs surfaces
forming quantum wires along the step edges
can be accomplished with MBE techniques.
Other advantages include precise control of
doping, allowing the generation of complicated doping profiles in semiconductors, and
the ability to monitor film growth and the
quality of a growing layer in situ by RHEED.
The main technological disadvantages of
MBE compared to CVD are its low growth
rates and its expense.
5.4 Etching
Etching is the process of removing surface material and thus, like dissolution, is
the opposite of crystal growth. Etching is
widely used for surface treatments and as a
fundamental step in semiconductor processing. For example, wet chemical etching using
HF, HC1, or sulfuric acid (H2SO4) in combination with passivation and rinse treatments
can produce very flat surfaces with subnanometer surface undulation for Si and GaAs
surfaces. Various techniques depending on

the substrate and the desired etching results
have been developed. In all of these techniques, corrosive surface reactions occur by
breaking chemical bonds within the substrate surface layer by attack of highly reactive chemical species and/or by momentum
transfer. A complete microscopic description
of the elementary mechanisms remains elusive because etching occurs in very complex
environments that are difficult to probe. For
example, etching with a reactive plasma (see
PLASMA ETCHING) involves a variety of neutral and ionic species and collision, dissociation, recombination, and interaction processes both in the gas-phase plasma and on
the exposed surfaces. Processing with nanoscale dimensions requires an improved understanding and new methodology.
The majority of etching methods can be
grouped under the heading reactive plasma
etching, e.g., reactive ion etching (RIE), reactive ion-beam etching (RIBE), and microwave plasma etching. In such processes, a
plasma discharge generates ions and many
other chemically active neutral species. Fluorine and chlorine plasmas contain atomic
fluorine and chlorine, respectively, which are
far more chemically active than the naturally
occurring molecular species. In the special
case of fluorine etching of Si, atomic F and
molecular F2 etch Si spontaneously at room
temperature without a plasma. This can occur through efficient fluorine adsorption and
subsequent desorption of volatile SiF4. When
ions strike the surface an increased etch rate
is observed, which is not simply due to the
additional sputtering effect, in a reaction
usually referred to as ion-enhanced etching.
Increased surface roughness and synergistic
effects during desorption have been discussed as possible causes. In the etching of
Si with a plasma using Cl2, chlorine adsorption produces a surface SiCl2 species that is
a precursor to the formation of volatile SiCl4.
In contrast to F2, Cl2 does not etch Si spontaneously, and so this type of reaction is
termed ion-induced etching because it occurs
only in the presence of ion bombardment.
Isotropic etching during pattern transfer
in lithography (see below) usually results in
"undercutting" of the mask, which narrows
the feature. This is a major problem for linewidths and spaces of features that are significantly smaller than the feature height, and
production of these structures requires an
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anisotropic etching. Wet etching is isotropic,
but ion-enhanced processes are expected to
produce anisotropic etching with some degree of mask undercutting, and ion-induced
processes should produce perfectly anisotropic etching in the vertical direction.
5.5 Lithography and Nanotechnology
The manufacturing of integrated circuits
requires sequential formation of patterned
layers of material on a substrate surface,
most commonly a Si wafer. These layers alternate between insulators, semiconductors,
and conductors, and the intricate pattern
that will eventually be in the respective layers is first defined in a polymeric resist film
via lithography and then transferred to the
layer usually with etching techniques (see
MICROLITHOGRAPHY). Historically lithography
started out as photolithography, where an
image is recorded into a resist (an etching-

(a)

Deposition
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proof material) by means of light exposure
to chromic groups. The resulting changes are
then responsible for a different solubility or
volatility of those parts compared to the
unexposed areas in a subsequent treatment
called resist development. In modern microlithography, optical methods are complemented by electron, x-ray, and ion techniques, each with particular advantages. In
x-ray lithography, x rays are used to minimize diffraction limitations during the writing process. It is not surprising that the
masks themselves are produced by x-ray microlithography. The basic structure of these
masks is an adsorber film (Ta,W,Re) on top
of a membrane (Si, SiN, SiC, diamond) that
is transparent for soft x rays. Figure 14
shows the basic fabrication process of a Ta/
SiN mask used for x-ray lithography illustrating how several different deposition and
etching methods are needed to construct
such a structure. Novel approaches for the

SiO2(ECR-CVD)
Ta (RF Sputter)
SiN (LP-CVD)
Si (bulk)
SiN (LP-CVD)

(b)

EB Writing

(c)
Dry Etching

Resist

SiO2 (RIE)
Ta (ECR)

(d)

Windowing
Si bulk removing

(e)

Frame Mounting
Glass frame

FIG. 14. Fabrication steps in producing a Ta/SiN mask starting with
a 3-in. Si wafer as the base material, (a) Deposition of 2-mm-thick
SiN films via low-pressure CVD
(LPCVD), a 0.7-mm-thick Ta film
by rf sputtering a Ta target onto
the substrate, and a SiO2 etching
mask via electron cyclotron resonance CVD (ECR-CVD). (b) Resist
pattern production by electronbeam writing following deposition
of the resist film, (c) SiO2 etching
in regions not protected by the resist film using RIE and Ta film
etching in regions unprotected by
the SiO2 mask using ECR followed
by removal of the resist film, (d)
Underside etching of SiN by using
RIE and bulk Si removal using an
alkaline solution in a "wet chemical" procedure, (e) Mounting on a
glass frame. (After Oda and Yoshihara, 1993.)
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formation of nanostructures (with dimensions of nanometers) utilize STM or AFM.
Realization of the fantastic promises of
nanotechnology—whereby nanoscopic devices are constructed at the atomic or molecular level, biomolecular modification is
carried out with bond specificity by direct
manipulation of the atoms of the molecule
by cell-repairing nanorobots, and the evolution of ultrafast and ultrasmall computers,
smart materials, and self-replicating machines occurs—obviously requires extensions
of scanning probe microscopy beyond imaging and lithographic patterning. The most
impressive results in direct manipulation of
atomic structures have been achieved by using STMs. STM techniques have been extended from positioning individual xenon atoms on a cold (4 K) nickel substrate at
0.5-nm resolution, as demonstrated in the pioneering work of Eigler and Schweizer
(1990) who spelled IBM by direct placement
of 35 Xe atoms, to the construction with an
STM of a "quantum corral" for electrons by
placing 65 Fe atoms in a ring about a center
atom on a Cu surface (Crommie et ah, 1993).
The atoms in these experiments were attached to and detached from the STM tip
electrostatically by controlling the tip bias
voltage. Molecular manipulation has recently
been demonstrated in the controlled movement of individual tetrabutylphenyl porphyrins on Si at room temperature. In these
studies the STM tip was used to "push" the
molecules across the surface. Movement of
larger structures such as metal discs and colloidal particles can also now be accomplished by contact AFM and imaged by noncontact AFM. AFM is a scanning probe
microscopy technique that relies on surface
forces to cause a displacement of a microscopic lever to produce an image. In contact
AFM, the lever "touches" the surface and
senses the repulsive potential, while in noncontact AFM the lever oscillates just above
the surface sensing the attractive potential.
Scanning probe technology is therefore capable of enough spatial resolution for both
placing and sensing atomic-scale elements
on surfaces, but further developments will
require increased understanding and control
of surface forces.
6. MECHANICAL PROCESSES
Interfaces strongly affect the mechanical
properties of polycrystalline materials. These
properties define the response of materials to

external and internal forces. Deformation
phenomena like flow and creep (continuous
deformations at constant load) are influenced by interfaces, and surface forces play
a role in understanding these distortions.
The reader is referred to Sutton and Balluffi
(1995) for an in-depth discussion of this
topic. Friction, lubrication, and adhesion are
important mechanical processes that involve
surfaces and adsorbed layers and that are
controlled by surface forces. Below we highlight the changes that occur when new interfaces are created as an adherent film is
peeled away from a substrate and when two
solid objects slide over each other with and
without lubricating layers.
6.1 Adhesion
The work necessary to separate two
phases A and B with a common interface is
known as the work of adhesion WAB between
the two phases and is given (most simply) by
= yA + yB

-

(19)

An analogous expression for the energy of
adhesion can be given, although these equations ignore important electrostatic contributions that can occur due to charging of
the surfaces upon separation. In the cases of
strong chemical bonding at the interface,
these energies are large and can exceed the
cohesive energies of the pure phases (i.e., adhesive joints can fail by formation of an interface within the bulk of one of the two
phases). This is often desirable since this
corresponds to the maximum strength of an
adhesive joint. "Peel tests" commonly reveal
that failing loads of joints do not approach
this value. In these tests, the normal force to
separate the joint (tensile strength) is measured, but alternatively one can also determine the force parallel to the surface that is
needed to break the joint (shear strength).
The simplest model for adhesive joint failure
is a classical mechanical picture based on
the work of crack propagation and stored
elastic energy. However, more detailed models attempt to account accurately for the
structural distortions of the surface layers,
adsorbate layers at the interface, and the actual bonding interactions present at the interface.
Monolayer
or
even
submonolayer
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amounts of adsorbates present at the interface can dramatically influence adhesion, either positively or negatively. Adhesion promoters such as amines for Cu/CuO localize
at the interface for a beneficial effect. Segregation of extremely small (ppm) concentrations of impurities (e.g., C, O, S, P, As) in
steels and other alloys to interfaces negatively affect adhesion (and can cause bulk
material failure when grain boundaries of
the pure component are decorated). Polymermetal interfaces have a great importance,
and current research is involved in investigating deposition of metals at polymer surfaces at the monolayer level with surface-science techniques to probe the nature of the
chemical bonds at the interface. Reactive
processing (e.g., plasma etching) of polymers
can break chemical bonds at the interface,
generating reactive sites that can form new
strong bonds to a second phase.

6.2 Friction and Lubrication
Given the tremendous practical and economic importance of friction (and the related wear), it is somewhat remarkable that
so little is known about the microscopic-level
processes responsible. However, within the
last few years, experimental capabilities for
studying sliding friction and wear (in the
field of tribology, q.v.) have been rapidly advancing. For example, it is now possible to
directly measure forces between macroscopic
objects using crossed cylinders coated with
mica (which can be atomically smooth). Using AFM, one can probe atom-atom forces
and friction and sliding friction on atomically smooth, well-characterized surfaces
with lubrication films of a known and controllable thickness (within a few angstroms).
Even smooth-appearing surfaces have irregular shapes at an atomic level, and these
defects control the nature of contact between
two solid surfaces. Understanding the tremendous forces and high temperatures generated at these localized contacts (making
and breaking chemical bonds) is necessary
for a description of macroscopic friction.
This involves the influence of shearing and
plowing phenomena within the context of
deformations and plastic flow at the atomic
level. A phenomenon that has been demonstrated amply at surfaces and measured di-
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rectly by using an AFM is stick-slip friction
motion.
Lubrication is used to decrease the friction between two surfaces. Two types of lubrication are recognized: boundary lubrication and hydrodynamic lubrication. In
hydrodynamic lubrication, where the lubricating film is thick enough so that the surface regions are essentially independent of
each other, the coefficient of friction depends on the hydrodynamic properties
(mainly the viscosity) of the lubricant and
not much on the surfaces involved. The specific nature of the solid surface is important
in boundary lubrication, which describes the
situation for high loads and low speeds
where very thin (indeed monolayer) films are
present at the sliding surfaces. Understanding this situation requires consideration of
the structure, orientation, and bonding of
the adsorbed layer at the surface, surface diffusion mobility, and the influence of large
mechanical compressive forces on this layer.
Modern surface-science tribology research is
aimed at developing lubricants that strongly
bond to the solid surface but have minimal
chemical interactions with other lubricant
molecules present on the other solid surface.

7. COMPLEX SURFACES AND
ENVIRONMENTS
Many technologically important or fundamentally interesting interfaces are very difficult to study, and thus relatively little molecular-level information is known about
surface processes in these systems. In this
section, we briefly highlight four examples of
these "complex" surfaces and environments
to illustrate the wide range of applications
for interfacial phenomena. Complex surfaces
include those for amorphous materials,
which have an irregular structure; porous
materials, which have "internal" surfaces;
polymer and biomembrane surfaces, which
have a complicated morphology; and very
heterogeneous surfaces with a multiplicity of
surface species. Complex environments
mainly mean those that are not compatible
with the UHV conditions required by many
surface analytical techniques: liquid solutions such as those in electrochemical devices and fuel cells, "wet" solids such as
biological samples, high-vapor-pressure ma-
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terials, and high-pressure catalytic reactors.
We also include outer space, which exposes
surfaces to vacuum and bombardment by a
myriad of particles.
7.1 Amorphous and Porous Materials
Amorphous materials are often used for
their chemical or heat resistance, electrical
isolation, and spectral transmission properties. The most common amorphous materials
are glasses (supercooled liquids). Amorphous
means literally "without shape," and so these
materials do not exhibit the regular, well-defined atomic arrangement of crystalline solids. The irregular surface structure is not
accessible via diffraction measurements. Adsorption and reaction at the surface can be
studied by AES, XPS, and SIMS, which are
all methods that do not rely on long-range
order of the substrate. If the sample is an
electrical insulator, charging of the surface
limits analysis. SEXAFS probes only local
atomic order and is suitable for studies of
these surfaces. Also, Raman spectroscopy
with its ability to fingerprint oxide phonon
modes provides near-surface information on
very thin films. Theoretical calculations for
amorphous surfaces are more difficult than
for crystalline materials since they have to
include a higher number of independent particles and interactions.
Porous materials consist of extensive
channels or pores that allow the accessible
solid surface area to exceed greatly the geometrical or apparent area. The high activity
required for most catalytic conversion processes necessitates the use of porous materials with a high surface area. Oxides such as
V2O5, A12O3, SiO2, and TiO2 are often used
directly and catalyze many reactions. When
metal-based catalysts are needed, the transition metal (e.g., Ni, Pd, Pt) is placed as a
highly dispersed phase of small nanoparticles
on high-surface-area oxide supports. Zeolites, inorganic molecular cage structures as
illustrated in Fig. 15, are very important as
acid catalysts, catalyst supports, and filtration/separation media.
Microporous materials are used as ion-exchange membranes. In applications such as
dialysis, the membrane surface has large
open pores with diameters of around 300 nm
and a system of connected pores in the
membrane volume with diameters in the 10-

(c)
FIG. 15. Structural units showing the framework of a
zeolite (faujasite) that gives rise to channels with molecular dimensions permeating the solid, (a) The tetrahedral arrangement of Si (or Al) atoms bonded to
O atoms to form (b) a sodalite unit consisting of 24
SiO^ and AIO4 tetrahedra that are connected in this
case to (c) the zeolite superstructure. (From Sleight,
1980.)

100-nm range. The filtration/separation properties are governed by the pore-size distribution of the membrane surface and volume.
Membrane surface charges and the surface
pore sizes influence the adhesion properties
of molecules. The use of macroporous polymeric media provides extensive control of
the surface chemistry that determines the
separation selectivity and capacity via the incorporation of specific functional groups that
modify the hydrophilicity and chemical affinity in the large and small pores.
Most surface analytical probes only detect
external surfaces and not the internal surfaces of the pores, which are relevant. High
surface-to-volume ratios for these high-surface-area materials mean, however, that
traditional bulk analytical methods such as
FTIR and Raman spectroscopy can be used
nicely to probe adsorption and chemical
changes in the surface layers. The surface
area may be determined by measurement of
the BET isotherm, and the pore-size distribution may be determined with SEM or
mercury porosimetry.
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7.2 Polymers and Biological Materials
Plastics, synthetic elastomers (rubber),
and thermosetting resins are composed of
polymers. The use of these materials is extremely widespread and varied, with new applications being developed continuously.
Even though interfacial chemical bonding
and structure controls adhesion, thermal stability, and many of the other materials properties, our understanding of surface structure
and processes on these materials is relatively
poor. They are often amorphous, porous,
and nonconductive and have large cross sections for electron- and ion-induced damage,
and thus they are quite difficult to analyze
by standard surface analytical techniques.
XPS has found the most extensive use in
identifying functional groups at the surface
and studying their reactivity. SIMS also is
valuable. FTIR and Raman spectroscopy
sample the first few microns of the substrate
to provide unique information on morphology (e.g., chain conformation, crystallinity,
and orientation). AFM is just beginning to be
applied to polymeric surfaces.
Investigations of surfaces of biological
samples are a major challenge in terms of
finding appropriate preparation and analysis
methods. The presence of water inherent to
biological systems represents a problem for
standard UHV analysis. Below 120 K, however, the partial pressure of water is negligible, and biological samples have been investigated with electron microscopy, SIMS, and
XPS under UHV conditions using a cryogenic sample-transfer system.
Surface structure and molecule-solid interactions play important roles in processes
on biological membranes. A lipid bilayer
structure with hydrophilic functional groups
on the outside and hydrophobic functional
groups inside represents the basic element of
a biological membrane (Fig. 16). The specific
binding of large molecules, such as proteins,
to the membrane is generally affected by the
proximity of polar areas, while the nonspecific adsorption is governed largely by the
number of defects and by the availability of
hydrophobic binding sites in the interfacial
region. Knowledge of these interactions can
be used to design artificial lipid membranes
with desirable surface properties. A parallel
approach uses monomers to insert specific
functional groups at the surface of thin poly-

FIG. 16. Illustration of a simple bilayer membrane
(from Fendler, 1984).

mer films as membrane models. These efforts may ultimately lead to an improved understanding of the molecular recognition of
proteins, which controls biological processes
like protein separation, biosensing, or drug
delivery. TOF-SIMS (for high-molecularweight capability), XPS measurements, and
vibrational spectroscopies are commonly
used in these studies. Dramatically increased
modeling capabilities are now emerging
from improved theory and simulation methods and the enormous increase in availability
and speed of computers.
7.3 Electrochemistry and Fuel Cells
Electrochemical devices convert chemical
energy to electrical energy and vice versa.
The classical example for an electrochemical
process is the electrolysis of water, where
water molecules are decomposed by means
of a direct electric current. Electrochemical
methods are routinely applied in surface
treatments such as HF etching of Si samples
or for plating purposes, e.g., Pd electrodeposition for electrical contacts. Both neutral
molecules and charged molecular species
(ions) are important in these processes. Classical investigation methods, such as cyclic
voltammetry or polarography (q.v.) are used
to reveal information on net charge transfers
at electrode surfaces. Features in the curves
of current versus potential (IIV) are produced by oxidation, reduction, and capacitive currents and have often been interpreted
in terms of surface roughness and morphology without access to the detailed microscopic structure of the electrode interface.
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With the development of surface-sensitive
optical spectroscopic techniques such as reflection FTIR, SHG, SFG, and XSW, a molecular-level characterization is now possible
in situ. Also, STM yields images of surfaces
with atomic resolution in the liquid, electrochemical environment. Other studies of the
electrode surface with AES, XPS, and SIMS
via ex situ analysis in UHV use an integrated
experimental setup that combines the electrochemical cell with a UHV analytical
chamber and sample transfer from one environment to the other without exposure to
air. This equipment may be used for either
UHV surface characterization of a "real"
electrode surface or an in situ performance
test of a model electrode surface that has
been prepared and characterized under UHV
conditions prior to use.
A primary interest is to describe the electrode-solution interface, i.e., the details of
the charge separation responsible for the potential difference at the interface. Figure 17
shows the simplest model for this interface,
treating it as an electric double layer, and

liquid

CO

Cx/~\ water molecules

current research attempts to improve this
model. Advances are now being made concerning the relationship between macroscopic kinetic parameters of electrochemical
processes and the structural dynamics on a
nanometer scale. Chemisorption issues control the nature of molecular adlayer structures and the deposition of metal atoms on
metal surfaces in the electrochemical environment. Thus, in many cases a comparison
of the electrochemical adlayer structure to
its UHV analog is quite useful. For example,
the CO adlayer on a Pt(lll) electrode in solution shows a potential-induced phase transition that is very similar to that observed
for CO adsorption on a Pt(lll) surface in
UHV experiments.
A fuel cell operates in reverse of electrolysis. The electrodes of a H2 fuel cell catalyze
the controlled oxidation of hydrogen yielding
a direct electric current. Fuel cells can utilize
other fuels, such as methanol, and have
other constructions of solid electrode/liquid
electrolyte or solid electrode/solid electrolyte.
However, all suffer from limited operation
time, which is likely a consequence of surface processes such as an electrolyte-induced
surface modification/degradation and poisoning of the electrode surface. Pd and Pt, for
example, which are considered as highly efficient catalysts for hydrogen conversion reactions in a low-pH environment, also exhibit a strong affinity for CO, which is
known to poison the electrode surfaces.
Thus, while methanol has some advantages
over hydrogen, like its higher energy density,
the small amount of CO formed during the
reforming process of the methanol poisons
the electrodes. The development of CO-tolerant catalysts is of crucial importance for
long-term operation of this and several other
fuel cells.
7.4 Space Exploration

Outer Helmholtz plane
FIG. 17. The simplest model of the electric double
layer. The outer Helmholtz plane is due to the ions in
the solution, and the inner Helmholtz plane is due to
the charge on the electrode. The simplicity of the
model arises from the "simple" arrangement of ions
and water molecules near the electrode surface.

In high Earth orbit or in outer space, the
surfaces of exposed materials undergo collisions with a myriad of energetic particles
and are bombarded by intense cosmic radiation, creating a very heterogeneous and complex surface. In situ experiments have been
performed at NASA's Long Duration Exposure Facility (LDEF) that remained in space
for nearly 6 years (Benton et al, 1992), but
much of the fundamental interaction physics
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can be studied in the laboratory under simulated conditions. Atomic oxygen is the dominant atmospheric species in low Earth orbit,
and hyperthermal O-atom-surface interactions are central to many materials problems
and also account for the nuisance "glow" of
the space shuttle. Hyperthermal oxygen
sources are used in the laboratory to simulate the kinetic energies of collisions that occur at orbital velocities. Laboratory studies
combining FTIR and XPS on the UV degradation of polymer (polyimide) films in air
and in vacuum showed that UV irradiation
results extensively in surface degradation,
leaving the bulk of the polymer intact. Synergistic effects on polymer surfaces were
found for UV radiation and oxygen atoms
(Hill et al, 1995). While the exposure of
fluorinated polyimide films to UV radiation
alone caused no observable damage to the
polymer surface, atomic oxygen resulted in
substantial oxidation of the surface, and a simultaneous exposure to UV radiation caused
rapid extensive oxidation. The oxidation process was found to occur via aromatic ringopening reactions. The effects of hyperthermal (3-7 eV) O atoms, 30-eV O + , and 30-eV
Ne + ions on two polymers commonly used
for space applications (Kapton and Teflon)
have also been investigated with respect to
the surface morphology (SEM and AFM) and
surface composition (XPS). The damage
from its initial atomic-scale roughness (approximately 1 nm) to its final macroscopicscale roughness (>1 mm) was imaged with
AFM (Vered et al, 1994).
Another important consideration in the
space environment is the high vacuum that
exists. This leads to evaporation and desorption of lubricating layers of water and organic films normally present on all surfaces.
Maintenance of good lubrication of moving
joints and metal surfaces in contact is essential because the energy gain by eliminating
two surfaces with high surface tensions via
"vacuum welding" can be very large (y *** 150
kJ/mol, which is comparable to the metalmetal bond strength). In fact, this joining
procedure is now used commercially in a variety of bonding applications.
GLOSSARY

Absorption: The penetration of the bulk
of one phase by the other in the contact of
immiscible phases.
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Adsorbate: A species (atom, molecule,
radical, or ion) in an adsorbed state.
Adsorptive: A species in a contacting
phase that is capable of being adsorbed.
Adsorbent: The surface on which adsorption is occurring. Also called the substrate.
Adspecies: An atom, molecule, or fragment adsorbed on a surface.
Adsorption: Process in which atoms or
molecules accumulate (localize) at an interface. A specific location is called an adsorption site. If an energetic barrier has to be
surmounted prior to adsorption, the process
is denoted as activated adsorption.
Adsorption Complex: The entity constituted by the adsorbate and the part of the
adsorbent to which it is bound.
Catalyst: A substance that increases the
rate of a chemical reaction without being
consumed.
Chemical Vapor Deposition (CVD): Deposition process that proceeds via decomposition of a gaseous species.
Chemisorption (Chemical Adsorption):
Adsorption in which the forces responsible
for linking the species to the surface are valence forces (covalent, ionic, and dative
bonds) similar to those between the atoms in
molecules and chemical compounds.
Coadsorption: The simultaneous presence of more than one adspecies.
Corrosion: Material deterioration and removal by chemical reactions.
Deposition: Transferring material from
the gas or liquid phase onto a surface.
Desorption: The converse of adsorption.
Diffusion: Large-scale translational displacements of atoms or molecules in a material.
Epitaxy: Growth process where the orientation of a single-crystal layer is determined by that of the single-crystal substrate.
Etching: Removal of surface atoms by reactive particles or chemical reactions.
Implantation: Deposition of foreign atoms deep (microns) into the bulk of a material, usually carried out by high-energy ion
bombardment.
Interface: Boundary between two phases;
the region of space comprising and adjoining
the phase boundary within which the properties of matter are significantly different
from the values in the adjoining bulk phases.
Lithography: The transfer of structural
information from a template or mask to a
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substrate by inducing reactions in exposed
regions of the substrate using UV light, electrons, ions, or x rays.
Molecular-Beam Epitaxy (MBE): A technique for the vacuum deposition of epitaxial
thin films from molecular precursor gases.
Monolayer: Film in which all adsorbed
species are in contact with the adsorbent
(substrate) surface; i.e., the film has a thickness of one atomic or molecular layer.
Multilayer: Film with a thickness of more
than one atomic or molecular layer and thus
having not all adsorbed species in contact
with the adsorbent surface.
Nucleation: Fluctuation in particle concentration above ambient responsible for initiation of the growth of a new phase.
Phase: A state of matter uniform in
chemical composition and physical state
throughout.
Photoelectron: Free electron produced by
light irradiation in a process denoted as photoelectron emission or photoemission.
Physisorption (Physical Adsorption):
Adsorption in which the forces responsible
for linking the species to the surface are
weak van der Waals forces such as those responsible for imperfections of real gases and
condensation of vapors.
Reconstruction: 2D rearrangement of the
positions of the surface atoms from those expected for the continuation of the bulk lattice.
Relaxation: Vertical displacement of
atomic layers at a surface without significant
accompanying horizontal displacements.
Segregation: Movement of one component to an interface resulting in a surface
concentration not equal to that in the bulk
phase.
Sputtering: Removal of surface material
during the impact of energetic particles (usually ions).
Surface: Outermost layer(s) of a condensed phase at an interface.
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