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5.1 THE SURFACE ELECTRON POTENTIAL

The electrostatic electron potential V* in a surface region of thickness x (the region
most affected by the presence of an interface) may be divided into three parts:

V‘y(x) = Vcorc(x) + chchangc(x) + Vdipolc(x) (51)
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The V.. (x) term represents the potential between the core electrons and valence
electrons, while Ve, hange (x) is the exchange potential between the valence electrons.
In the solid each electron lowers its energy by pushing the other electrons of like
spin aside because of the Pauli exclusion principle (exchange interaction) or by hav-
ing electrons of either spin avoid each other to minimize their repulsive (Coulomb)
interaction (correlation interaction). This produces the exchange-correlation hole, a
deficit of electronic charge that surrounds each electron. These potentials, along with
those of the ion cores, are responsible for keeping the electrons in the solid in spite
of their high concentration. V.. (x) is not likely to change, whether the atom is at
the surface or in the bulk, because of the localized nature of the core electrons.
Therefore, we may neglect it for purposes of this discussion. However, Vi cnange ()
and Vj;p,c (x) are very much the properties of the surface atoms. V. (x) is specific
to the surface and is closely connected with the space charge that normally accu-
mulates at the surface.

Perhaps the two most frequently measured electrical properties in surface science
are the surface space charge potential Vi, . and the related work function ¢.

5.2 THE SURFACE SPACE CHARGE

5.2.1 The Surface Space Charge at the Solid-Vacuum Interface

Consider an atomically smooth slab of solid in an ultrahigh-vacuum chamber. The
ion cores of its atoms may be viewed as being smeared out to produce a uniform
density of positive charge; electrons are bound to this uniform charge by electrostatic
forces. This is the so-called jellium model that has been successful in reproducing
many of the surface electrical properties of metals. At the surface the electrons are
bound only toward the solid, and thus they spill out by tunneling into the vacuum,
with the charge density dropping exponentially away from the surface (Figure 5.1).
The electrons that accumulate on the outer edges of the solid-vacuum boundary
leave a partial positive charge behind. This charge separation leads to the formation
of the surface space charge. For a metal, the free-electron (those electrons that are
free to hop from atom to atom in an applied potential) concentration is so high (about
one electron per atom) that spatial extent of the space charge is limited to the topmost
layer of atoms at the surface, since the atoms below the surface are effectively
screened by the large free-electron density. For insulators or semiconductors, the
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Figure 5.1. Schematic representation of the electronic charge density distribution at a metal
surface.
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space charge may extend many tens or hundreds of atomic layers into the solid, as
we shall see shortly.

A more realistic model will take full account of the atomic nature of the surface
and yield charge densities and electronic potentials similar to those obtained by the
jellium model. In this circumstance, however, the charge density on the solid side
of the surface exhibits fluctuations that are often called Friedel oscillations and which
are due to the screening by the free electrons (Figure 5.1). The amplitude of this
oscillation is a sensitive function of the electron density, as are the height and extent
of the surface space-charge potential.

Both the height of the surface space-charge potential barrier V; and its distance
of penetration into the bulk d depend on the concentration of mobile charge carriers
in the surface region. In order to discuss the properties of a surface space charge,
let us consider an n-type semiconductor with a bulk carrier concentration 72", In
order to calculate the properties of the space-charge layer as a function of its charge
density p,, consider a homogeneous one-dimensional solid in thermal equilibrium
(Figure 5.2). The potential at any point is only a function of the distance x from the
surface (where x = 0) and is determined by the Poison equation:

v _ pe(X)
dxz €€y

(5.2)

where ¢ is the dielectric constant in the solid and ¢ is the permittivity of free space,
a constant. In our model of the space-charge layer, p,(x) = eNj, where N is the
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Figure 5.2. Scheme of space-charge buildup at an n-type semiconductor surface upon ad-
sorption of electron acceptor molecules.
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concentration if ionized donors. Integrating twice, one obtains

V@) = — — Ni(x — d)? (5.3)
2ee

Atx = d, V(x) = 0; that is, d defines the distance at which the electrostatic potential
due to the charge imbalance in the space-charge layer becomes zero and the electron
concentration attains its bulk value again. At the surface (x = 0),

V, = — Njd? (5.4)
€€y

where V, is the height of the space-charge potential at the interface. Assuming that
all the electrons of concentration n2' are removed from the space-charge region

and trapped at the surface, leaving behind an equal static positive charge, we have
en®™d ~ eNjd (5.5)

Substitution of Eq. 5.5 into Eq. 5.4 and subsequent rearrangement yield

2¢eeqV /2
0"s
d = [W] (5.6)

This distance is called the Debye length. It measures the penetration depth of the
electrostatic surface effects.

Thus the higher the free-carrier concentration in the material, the smaller the
penetration depth of the applied field into the medium. For electron concentrations
of 10”2 cm™* (10°® m ™) or larger, the space charge is restricted to distances on the
order of one atomic layer or less, because the large free-carrier density screens the
solid from the penetration of the electrostatic field caused by the charge imbalance.
For most metals, almost every atom contributes one free valence electron. Because
the atomic density for most solids is on the order of 1022 cm™* (10°® m ™). the free-
carrier concentration in metals is in the range of 10°°-10% em ™ (10*°-10% m ™).
Thus V, and d are small. For semiconductors or insulators, however, typical free-
carrier concentrations at room temperatures are in the range of 10'°-10'* cm ™ (10'°-
10”2 m~?). Therefore, at the surfaces of these materials, there is a space-charge
barrier of appreciable height and penetration depth that could extend over thousands
of atomic layers into the bulk. This is the reason for the sensitivity of semiconductor
devices to ambient changes that affect the space-charge barrier height.

5.2.2 Surface Space Charge at the Solid-Liquid Interface

So far we have only considered the properties of the surface space charge at the
solid-vacuum interface. Let us now immerse the solid into a liquid. The molecules
in the liquid adsorb onto the solid surface and become polarized as they respond to
the electrical field at the interface to produce an electrochemical double layer. They
may also line up in preferential bonding directions if they possess a permanent dipole
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moment. In this circumstance an electrical field is induced on the liquid side of the
solid-liquid interface, with marked consequences for molecule transport or charge
transport to and from the interface. The charge layer that forms on the liquid side
of the solid-liquid interface is often called the Helmholtz layer, and it plays an
important role in affecting electrochemical changes associated with reduction or ox-
idation of charged species when the solid is used as an electrode.

The presence of charged species at the solid-liquid interface helps to stabilize
colloids. These are small particles, 10*-10° A (10°-10* nm) in diameter, that carry
the same charge and thus exhibit repulsive electrostatic interaction. Because all par-
ticles in a colloid system are of the same size, they are thermodynamically stable
because their solubilities (or vapor pressures) are the same according to the Kelvin
equation. Their surface charge provides extra stability because of the strong repul-
sion. Milk, blood, paint, and latex are examples of important colloid systems in
biology and in the chemical technologies. Mechanical agitation can strip off the
charged protein coating of a milk colloid, causing coagulation (whipping cream).
The elimination of the repulsive charge by other means (adsorption or drying) can
readily destabilize these systems. One important application of the surface space
charge is copying in xerography. In this process a charged organic or inorganic
insulator is selectively illuminated by using the mirror reflection of the printed page,
thereby removing the charge only at the illuminated sites. By pressing an insulating
surface (paper) against the charged surface, its charge is transferred and is then fixed
by colored polymer particles that melt when heated at their sites of adsorption (that
is, where the charges were on the paper).

5.3 THE WORK FUNCTION

The work function is defined as the minimum potential the most loosely bound val-
ence electrons in the solid must overcome in order to be ejected into the vacuum
outside the solid with zero kinetic energy at absolute zero temperature. A schematic
energy-level diagram showing the work function, using the free-electron gas model
of a metal, is depicted in Figure 5.3. The potential energy of the electrons at the top
of the valence band is often called the Fermi energy Er. Thus the work function can
be defined as

ep = eVexchange + eVdipole — Ep (5.7

where V,change 1S @ bulk property that depends on the bulk electron density. The term
Vaipole 18 due to the surface space-charge potential that must be overcome by the
electrons in the solid in order to exit into the vacuum. The term V. is responsible
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TABLE 5.1. Work Functions Measured from Different Crystal Faces of Tungsten,
Molybdenum, and Tantalum

Work Function

Tungsten Molybdenum Tantalum
(ref. 1) (ref. 2) (ref. 2)
Crystal Face eV 10777 eV 10777 eV 107"
(110) 4.68 7.50 5.00 8.01 4.80 7.69
(112) 4.69 7.51 4.55 7.29 — —
(11 4.39 7.03 4.10 6.57 4.00 6.41
(001) 4.56 7.31 4.40 7.05 4.15 6.65
(116) 4.39 7.03 — — — —

REFERENCES

1. M. Kaminsky, Atomic and lonic Impact Phenomena on Metal Surfaces. Academic Press, New York,
1965.

2. O.D. Protopopov et al. Sov. Phys. Solid State (English translation), 8:909 (1966).

for having each crystal surface exhibit a different work function. The work functions
measured for various crystal faces of several metals are listed in Table 5.1. Calcu-
lations using the jellium model result in work functions very similar to those listed
in Table 5.1.

5.3.1 Effect of Surface Roughness on Work Function

As the atomic density at the surface decreases, it becomes rougher on the atomic
scale. The valence electrons spill out into the vacuum as before, but they smooth
out the roughness in the positive charge distribution. The result is an electrostatic
dipole oriented opposite to the spill-out dipole. As a consequence, the net dipole is
reduced relative to its value at the higher-atomic-density, smoother surface, yielding
a lower work function.

Changes in work function with increasing step density (roughness) are shown for
stepped platinum and gold surfaces in Figure 5.4. As can be seen, the work function
decreases linearly with increasing step density. The induced dipole moment u due
to steps can be calculated from the work-function change because A¢p = 47N, u,
where N, is the step density. In Figure 5.4, note that platinum has a steeper slope
for the work-function change with step density than does gold, indicating a larger
dipole per step atom (0.6 Debye per step atom = 2 X 107 C - m per step atom)
than on the gold stepped surface (0.27 Debye per step atom = 0.9 x 107 C - m
per step atom). A step site on a tungsten surface has a 0.30-Debye dipole on the
average, while at a tungsten adatom on the surface there is a dipole moment as large
as 1.0 Debye, 3.3 x 1073 C - m).

5.3.2 Change of Work Function with Particle Size

The work function of a solid is equivalent to its ionization potential. It is always
lower than the ionization potential of the single atoms that make up the solid. * These

*This 1s because the remaining electrons partially screen the positively charged ‘*hole’” left behind.
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Figure 5.4. The work function of stepped gold and platinum surfaces as a function of step
density (roughness) [6, 52].

values are listed for alkali atoms and solids in Table 5.2. It is important to find out
how the single-atom ionization potential approaches the value of the work function
as the atoms aggregate into clusters. It might even be possible to determine the
ionization potential of clusters of ever-increasing size. Such experiments are in prog-
ress in several laboratories. By producing atom clusters of different sizes by laser
evaporation or by ion bombardment, the ionization threshold of these clusters can
then be probed using photoionization and employing variable photon energies. At
present, the existing data indicate that the ionization potential decreases with in-
creasing particle size in an oscillatory manner rather than smoothly [1]. This effect
is shown for iron clusters in Figure 5.5. Whether these variations are due to changes
in cluster structure or to other effects will have to be elucidated by future studies.

TABLE 5.2. Work Functions and lonization Potentials of Alkali Metals®

Work Function

Ionization Potential

Element ¢ (eV) ¢ (107" X J/mole) Vien (€V) Vien (107" X J /mole)
Lithium 2.9 4.6 5.392 8.639
Sodium 2.75 4.41 5.139 8.234
Potassium 2.30 3.69 4.34] 6.955
Rubidium 2.16 3.46 4.177 6.692
Cesium 1.81 3.03 3.894 6.239

“Data from CRC Handbook of Chemistry and Physics, 64th edition. CRC Press, Boca Raton, FL. 1983.
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Figure 5.5. The ionization potential for iron clusters as a function of cluster size [1].

5.4 ADSORPTION-INDUCED CHARGE TRANSFER AT SURFACES:
METALS AND INSULATORS

The surface space charge or surface dipole presents an electric field that influences
atoms or molecules that may adsorb. Even inert gas atoms such as argon or xenon
respond to this field upon adsorption because of their polarizability. The magnitude
of the polarizability depends on the volume occupied by the electrons, and it in-
creases with increasing atomic volume. The charge distribution of these atoms will
be modified slightly in a way that lowers the work function of the adsorbing metal.
Typical values of metal-work-function changes upon adsorption of a monolayer of
inert gas atoms are shown in Table 5.3. The work-function change is also site-
dependent, as shown for xenon at a stepped Pd(810) surface in Figure 5.6. Because
the work-function change upon adsorption is greater at steps, it provides information
about surface structure. Changes in work function can often be calibrated to monitor
the coverage of adsorbates. The relationship between work function and surface
composition is complicated, however, because of the adsorbate-adsorbate interac-
tion, which also influences adsorption-induced changes of the surface dipole.

The opposite situation from weak interaction of inert gases with the surface space
charge is surface ionization, when the adsorbate is ionized by the substrate. This
typically occurs in alkali-metal adsorption on transition-metal surfaces. In the more
usual situation with chemisorbed molecules, only partial charge transfer occurs to
or from the substrate to the molecule. If the negative pole of the molecule points
toward the vacuum, the induced electric fields cause an increase in the work func-
tion. Table 5.4 lists the work-function changes obtained by the chemisorption of
several molecules on rhodium.

Let us discuss the model that is commonly used to interpret the chemisorption-
induced changes in work function, along with some of the experimental results.

Chemisorption of an atom or a molecule leads to charge transfer to or from the
metal. This charge transfer is larger than it is for inert gas adsorption. The charge
transfer results in a larger change of work function, with the magnitude of the change
depending on the nature of the adsorbate—substrate bond and on the coverage. If we
consider well-separated chemisorbed species with surface concentration ¢ and po-



TABLE 5.3. Sign of Work-Function Change, A¢, Upon Adsorption at 300 K

System Sign of Work-Function Change, A¢ Reference
O/Ag(111) Positive 1
0O /Cu(100) Positive 2
O /Cu(110) Positive 2
O/Cu(lll) Positive 2
O/Ni(110) Positive 3
CO/Cu(100) Negative 4
CO/Mn Positive 5
CO/Ni(l11) Positive 6
H /Mo(001) Positive 7
H/Mo(011) Positive 7
H/Mo(111) Positive 7
H/Ni(110) Positive 8
H/W(100) Positive 9
Cs/Ni(100) Negative 10
Cs/W(100) Negative 11
K /Ni(110) Negative 12
Xe /Pd(100) Negative 13
Substitute /Pt(111) Negative 14
Aromatic molecules /Pt(100) Negative 12
Cl/W(100) Positive 15
Cl/4Ti Positive 16
Ba/W(100) Negative 17
CH,/W(110) Positive 18
Na/W(110) Negative 19
Li/W(110) Negative 20
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Figure 5.6. The enthalpy change (a), the entropy (b), and the work function change (¢) for
xenon adsorption as a function of xenon coverage on the Pd(810) stepped crystal surface

[53].
larizability o, then the work-function change A¢ is given by the Helmholtz equation:

Ap = dmepo (5.8)

where p is the dipole moment induced by the adsorbate that localizes a fraction of
the surface space charge in the form of a charge density that screens the field due to
the charged adsorbate. This screening charge and the charge on the adsorbate form
a dipole p = ga, where a is the separation between the adsorbate and the screening
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TABLE 5.4. Work-Function Changes Relative to the Clean Rh(111) Surface for
Various Ordered Structures, with and without Coadsorbed CO

Number of CO Molecules per Coadsorbate

Coadsorbate 0 1 2
C.D, (23 X 3)rect c(2V/3 X d)rect (3 x 3)
—1.36 eV -0.64 eV ~0.26 eV
—2.18 x 107" -1.03 x 107"} —-0.42 x 107"
CDsF (V19 x V19)R23.4° c(2V3 x 4)rect (3 x 3)
—1.24 eV -0.61 eV ~0.24 eV
~1.99 x 107"} -0.98 x 107"J -0.38 x 107"
=CCH, Disordered c4 X 2) —
—1.23 eV -0.32 eV —
—-1.97 x 107'°J —0.51 x 107"} —

charge and ¢ is the unit charge. Equation 5.8 can be written as
Ap = —3.76 X 10 %uo (5.9)

where A¢ is in eV, p is in Debyes, and N is the number of adsorbate atoms per cm?.

Dipoles of like orientation cause depolarization, which shows up at higher cov-
erages that modify the Helmholtz equation according to the point-depolarization
model developed by Topping:

4mepc

—_— 5.10
| + 9a0?/? ( )

A =

where p is the initial dipole moment observed at low coverages and « is the polar-
izability. Equation 5.10 is given in SI units by

Ap = — — d (5.11)

9 3/2
I + (47r> oo
where ¢ is the vacuum permittivity.

Carbon monoxide increases the work function of rhodium upon chemisorption.
Figure 5.7 shows the work-function change as a function of coverage §. A good fit
can be obtained for § < 0.33 (shown by the dashed curve in Figure 5.7) with pcqo
= —0.2 Debye (—0.67 X 107 C - m) and acp = 0.34 x 1078 m’.

For 8- > 0.33, A¢ increases dramatically until reaching a value of +1.05 eV
(1.7 x 107" J) and 6o = 0.75, which is near the saturation coverage. Above ¢
= 0.33, the CO molecules begin to occupy bridge sites (bridging two rhodium at-
oms) in addition to top sites. The large increase of A¢ above one-third monolayer
coverage is attributed to the fact that bridge-bonded CO has a larger surface-dipole
moment than does top-site-bonded CO. Thus, changes in bonding that occur with
changes in surface concentration have a strong effect on the work-function change.

€0
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Figure 5.7. The change of work function of Rh(111) upon CO adsorption as a function of
coverage [54].

Figure 5.8 shows the work-function change as associated with sodium chemi-
sorption on the (111) crystal face of rhodium. The 5.4-eV (8.7 x 10~'°-J) work
function of the transition metal decreases rapidly to 2.5 eV at 8y, = 0.2. Using Eq.
5.11, we obtain a surface-dipole moment of py, = +5.1 Debye (1.7 x 107 C -
m) and polarizability ay, = 2.9 X 1072 m? for low sodium coverages. Similar
values have been observed for the chemisorption of alkali adatoms on other transi-
tion -metal surfaces as well.

The large charge transfer and the high heat of adsorption [ = 60 kcal /mole (=251
kJ /mole)] associated with the initial stages of alkali-metal chemisorption indicate
ionization of the alkali atoms. At higher coverages of alkali metal, however, further
work-function change becomes minimal, and the heat of adsorption declines to that
of the heat of sublimation of sodium [23 kcal /mole (96 kJ /mole)). Detailed surface
studies on several alkali-metal-transition-metal systems reveal that, at above 20%
coverage, the repulsive interaction between the dipoles created by the presence of
the alkali ions leads to depolarization and neutralization until a metallic alkali atomic
layer is produced.

The chemisorption of organic molecules on transition metals usually reduces their
work function. According to the available experimental data, the chemisorption of
ethylene in the form of ethylidyne reduces the work function by about —1.2 eV
(—1.9 x 107'J), corresponding to the formation of a surface dipole of +0.9 Debye
(3 x 107* C - m). Benzene chemisorption reduces the work function by —1.4 eV
(=2.2 x 107" )y, corresponding to a dipole of (+2.0 Debye) (6.7 X 107
C - m).

Gas adsorption on insulator or semiconductor surfaces can cause very large
changes in the height of the surface space-charge potential and its Debye length. As
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Figure 5.8. The change of work function of Rh(111) upon adsorption of sodium as a func-
tion of Na coverage [54].

a result, when used as thin-film adsorbers, the electrical conductivity of these sur-
faces can be markedly altered. This effect provides a way to detect minute amounts
of gases or vapors, such as methane in coal mines or smoke induced by fires. Tin
oxide (SnO,) appears to be the semiconductor of choice for many gas-sensor appli-
cations because of its chemical resilience [2, 3]. The thickness of the SnO, film
controls its sensitivity to adsorbates by adsorption-induced charge transfer, which
shows up in changes in electrical conductivity.

The co-deposition of transition metals can enhance chemical reactivity and further
increase the sensitivity of the semiconductor detectors. Chemisorption-induced
changes in surface electrical properties promise to be important in the chemical anal-
ysis of blood and in other biochemical applications.

Adsorption-induced charge transfer also markedly influences the heat of adsorp-
tion. A molecule that transfers more charges to or from a surface adsorbs more
strongly. This gives rise to the possibility of separating mixtures of molecules (gases
or liquids) by virtue of stronger adsorption of those with larger charge transfer.
Usually molecules with lower ionization potentials or larger electron affinities are
likely to transfer more charge and thus are likely to adsorb more strongly. The rate
of charge transfer dn,/dt to or from the molecule is related to the height of the
surface space charge V|, because the electrons must flow over the top of the potential

energy barrier:
dn; eV,
— = - — 5.12

a =~ P ( kBT> (5-12)

Because V, is proportional to n? (assuming a parabolic drop-off of the surface
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barrier height toward the bulk), the rate of charge transfer can be expressed as

n 2
ar - exp (—ny) (5.13)
This type of rate law frequently describes the adsorption of oxygen on semicon-
ductor surfaces and gives straight-line plots of current versus logarithm of time.
The magnitude of charge transfer may be one electron per 10 adsorbed mole-
cules; nevertheless, even this magnitude leads to the preferential adsorption of O,
from air (an N,-O, mixture) because oxygen forms stronger charge-transfer bonds
than does nitrogen. On surfaces that do not exhibit charge transfer (microporous
alumina-silicate molecular sieves, for example), N, would adsorb more strongly
than O, because of its larger polarizability.

5.4.1 Charge Transfer at the Solid-Solid Interface

When two different metal surfaces are brought into contact, the surface space charges
that were present at their interfaces with a vacuum will be modified. The electrons
from the metal of lower work function will flow into the other metal until an interface
potential develops that opposes further electron flow. This is called the contact po-
tential and is related to the work-function difference of the two metals. The contact
potential depends not only on the materials that make up the solid-solid interface
but also on the temperature. This temperature dependence is used in thermocouple
applications, where the reference junction is held at one temperature while the other
junction is in contact with the sample. The temperature difference induces a potential
(called the Seebeck effect), because of electron flow from the hot to the cold junction,
that can be calibrated to measure the temperature. Conversely, the application of an
external potential between the two junctions can give rise to a temperature difference
(Peltier effect) that can be used for heat removal (refrigeration).

Metal-semiconductor contacts play important roles in the technologies of elec-
tronic circuitry. Because electrons flow from the material with the lower work func-
tion to the material with the higher work function, a blocking contact (Schottky
barrier) is produced that inhibits the further flow of electrons in one direction while
aiding the flow of electrons in the other direction. Often, however, ohmic metal-
semiconductor contacts are needed that permit charge transport across the interface
in both directions without a barrier. This can often be accomplished by forming
interface compounds between the metal and the semiconductor that can eliminate
the formation of the interface space charge. For silicon technology, nickel or cobalt
silicides can serve as ohmic contacts between the metal and the semiconductor.

Recently, work-function changes at semiconductor-metal interfaces have been
used to image the oxide-metal interface on the atomic scale by using the scanning
tunneling microscope (STM). Figure 5.9 shows a picture of the TiO,-Rh system
prepared by depositing titanium oxide islands on the transition-metal surface. The
tunnel current / in the STM varies exponentially with both work function ¢ and
distance d: I = exp (—¢d/2). By periodically changing the tunneling tip-surface
distance by oscillating the tip, the derivative dI /dd can be measured; this derivative
is proportional to the barrier height, which is related to ¢. In this way an atomic
resolution of the structure of oxide-metal interfaces can be obtained.
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Figure 5.9. A 100A x I00A STM image of 0.9 monolayer of TiQ, on rhodium.

5.4.2 Gas-Phase Ion Production by Surface Tonization: Emission of Positive
and Negative lons

Consider an atom of ionization potential Vi, adsorbed on a metal surface of work
function ¢. If the atom is in thermal equilibrium with the solid, it may vaporize as
a neutral atom from the surface after acquiring thermal energy equal to ils heat of
desorption from the metal AE,,. The desorption energy A E ;. necessary to vaporize
it as a positive ion, on the other hand, can be estimated by [4]

*:h'ﬁ-nl.c'h = “j‘Edi.'-\- t V.-u-n - B (3 14'

The value of AE |, is obtained by summing the energies needed to vaporize a
neutral atom, ionize it in the vapor phase, and then return the electron o the metal
surface. If V,,, — ¢ is positive, the surface atoms are likely to desorb as neutral
species, since AE,, = AE .. However, for systems in which the metal work func-
tion 15 greater than the ionization potential of the adsorbing atom (e, it V,, — ¢
< (1), the vaporization of ionic species will occur preferentially. Thus, for studies
of surface ionization, high-work-function metals (W, Pt) and adsorbates with low
ionization potentials (Cs, Rb, K) are used.

The degree of ionization—the ratio of ion Aux . to the Aux of neutral atoms jp
desortung from the metal surface—is given by the Saha-Langmuir equation [5]:

3 N o V|L1I| — i
e 8 [ ¢(Vin ~ 9] (5.15)

knT
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TABLE 5.5. Calculated Values for the Degree of Ionization for Different Alkali Metals on
a Tungsten Surface at Different Temperatures

Li Na K Rb Cs
(Viun = (Vvion = (Vion = (Vion = (Vinn =
540eV = 5.12eV = 4.32 eV = 4.10eV = 3.88¢eV =

TK) 865x 107" 820 x107"7)) 6.92 x 107"%)) 6.57 x 107"°)) 6.22 x 10 "))
1000 1.8 x 1073 5.0 x 1074 6.3 103.9 790.0
1500 55x107* 50x 10°° 2.2 35.8 72.0
2000 3.0 x 10°° 1.5 x 1072 1.6 11.4 19.9
2500 8.4 x 107° 3.2 x 1072 1.3 7.0 9.8

where g, /go is the ratio of the statistical weights of the ionic and atomic states.
Table 5.5 shows the calculated values for the degree of ionization for different alkali
metals on a tungsten surface at different temperatures. We can see that elements
with small ionization potentials (Cs and Rb) yield predominantly ion fluxes, while
for elements with large ionization potentials, such as lithium and sodium fluxes, the
neutral species predominate.

Equation 5.15 has been verified by experiments using several different metal sur-
faces. Deviations from the predicted ion flux are due to the presence of impurities
on the metal surface that may change its work function, and the fact that thermal
equilibrium may not be completely established between the adsorbate and the surface
within its residence time on the metal [4]. This latter effect can give rise to a partial
reflection of the incident vapor atoms as neutral species, thereby reducing the ion
flux to below a value predicted by Eq. 5.15. The surface temperature in surface-
ionization experiments should be high enough so that thermal desorption of the ad-
sorbed species can take place rapidly. Otherwise, accumulation of the adsorbate on
the surface would impede the surface-ionization reaction by reducing the concentra-
tion of surface sites on which ionization can take place and by decreasing the work
function of the clean surface.

Because a metal surface is heterogeneous, there are local variations of the work
function along the crystal surface. For a polycrystalline substrate that exposes many
crystal faces, the work function changes from crystal face to crystal face. Therefore,
it is advantageous in surface-ionization experiments to establish conditions that al-
low surface diffusion of the adsorbed species to occur. In this way the ionization
probability may be increased.

Alkali metals are not the only alkali species that have been ionized by surface
ionization. Alkali halides (NaCl, LiF, etc.) and alkali-earth metal atoms (Ba, Mg,
etc.) have also been ionized by this method. Tungsten and platinum surfaces are
used most frequently in these studies.

The emission of negative ions has also been observed under conditions of surface
ionization. If the electron affinity S, of a negative ion is defined by the reaction A~
— A + e, the desorption energy of negative ions, A E 4, can be estimated by [4]

AEd_cs = AEdcs - S(' + ¢ (516)

Here we form the negative ion by vaporizing a neutral atom and an electron from
the surface and then combining them in the vapor. The electron affinities of several
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TABLE 5.6. Electron Affinities of Several Elements Which Exhibit the Largest
Positive Values

F Cl Br I Q) S
Electron affinity (eV): 3.6 3.7 3.5 32 3.1 2.4
2.3)
Electron affinity (10" J): 5.77 5.93 5.61 5.13 4.97 3.85
(3.69)

elements that exhibit the largest positive values of §, are shown in Table 5.6. For

many elements, however, the electron affinity is negative; these elements are not

likely candidates for negative surface ionization. If (S, — @) > O—that is, if the

electron affinity is greater than the work function (which is always positive)—the

atoms adsorbed on the metal surface are most likely to desorb as negative ions. The

degree of ionization is given by
gz&exp[_w} 5.17)
Jo 80 kT

which is similar to Eq. 5.15. Negative-ion emission requires metal surfaces with
relatively low work functions. This negative surface-ionization process has been
studied to a lesser extent that positive-ion emission. These studies should be some-
what more difficult to carry out, because the negative-ion flux and the flux of elec-
trons that may be emitted thermally from the surface at the same time would have
to be separated and identified.

5.5 SURFACE ELECTRON DENSITY OF STATES

When X-ray photons of energy hv impinge on a solid, electrons are emitted from
those occupied electronic states where the electron-binding energies Ej are less than
the energy of the incident photons minus the work function. The kinetic energy Ey;,
of the emitted so-called photoelectrons is related to the binding energy of electrons
in the states they occupied by

Ekin = hV - EB - ¢ (518)

If the ejection probability is the same for all electron states, the intensity distribution
of photoemitted electrons as a function of their kinetic energy provides a true image
of the occupied electronic density of states (number of electrons with a given binding
energy in the range Egz to Eg + AFE). Figure 5.10 shows the electron density of
states for nickel and copper determined in this way.

Because the X-ray photons may eject electrons from a depth of over 10 atomic
layers, mainly the bulk density of states is obtained in this way. The electron density
of states for surface atoms should be different from that in the bulk because the
bonding environment for surface atoms is different in their number of nearest neigh-
bors, relaxation or reconstruction, and anisotropy of bonding that could give rise to
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new electronic states, called surface states. It turns out that by observing the photo-
emitted electrons at near-grazing exit angles or by using lower-energy photons in
the ultraviolet range [ =22 eV] (3.5 x 10™'® J) (ultraviolet photoelectron spectros-
copy), the photoemission becomes much more surface-sensitive [6]. Experiments of
this type yield the surface electron density of states, which has been found to be
narrower than for the bulk, both by experiment and by calculation. In addition, new
features, electrons that are localized at surface atoms in bound states, appear due to
surface states. Often electrons in these states participate in bonding with adsorbed
atoms or molecules. These measurements yield the electronic structure of the surface
atoms. Many of the physical and chemical properties of surfaces depend on this
property. These include electron transport along the surface, and bonding of atoms
and molecules are controlled by the surface electronic structure.

5.6 ELECTRON EXCITATION AT SURFACES

When an electron in an atom or molecule is excited into an unoccupied bound state,
it leaves an electron vacancy, or hole, behind. The electron-hole pair thus created
exhibits a Coulomb attraction that is modified by the screening of all the other elec-
trons in the system. The same phenomenon occurs when an electron is excited—by
light (or electron beam) of appropriate energy—into a bound state above the Fermi
level in an semiconductor. The electron-hole pair created in this circumstance is
called an exciton, and its attractive Coulomb interaction is screened by the static
dielectric constant of the solid. There is a finite probability that the exciton may
migrate from atom to atom (or molecule to molecule) through the solid before deex-
citation, the destruction of the electron-hole pair by recombination, occurs. Exciton
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hopping (that is, the correlated migration of the electron-hole pair) has been ob-
served in molecular solids. In semiconductors, the electrons and holes may move
independently under the influence of an applied potential that overcomes their
screened Coulomb attraction. When electron-hole pairs are created by photoexci-
tation, photocurrents can be observed that are proportional to the intensity of the
photon flux. The deexcitation process leading to electron-hole recombination,
whether excited by photons or electrons, is often associated with light emission. The
light emission is used in such applications as television screens or light-emitting
diodes.

In a metal, the superposition of many electron-hole pairs leads to a wave-like
disturbance of the charge density at the surface. This disturbance is called the sur-
face plasmon. Its frequency is related to the bulk plasma frequency wy: as w, =
wp/ V2. The existence of both surface and bulk plasma excitation was detected under
conditions of electron-beam or photon excitation, and their corresponding energies
are in the range of 5-20 eV (8-32 x 107" J).

5.6.1 Thermal Emission of Electrons from Surfaces

When a metal or an oxide filament is heated in vacuum, electrons boil off its surface.
These electrons can be collected on a positive charged plate a short distance away
or can be focused by charged plates. This phenomenon is often called thermionic
emission and is often used to produce electron beams. The electrons that require the
least amount of thermal energy to overcome their binding energy in the solid and
evaporate are at the top of the valence band. The energy distribution of these elec-
trons can be approximated by a Boltzmann distribution.

- _ 9
f(E) = exp < kBT> (5.19)

where ¢ is the work function.* One can compute the flux at energy £ > ¢ + Epof
electrons leaving the metal at any one temperature. This value will give us the cur-
rent density j (A /cm?):

J < A2> = en(E)v, (5.20)
cm

*Electrons in a solid obey Fermi-Dirac statistics,

1
I + exp [(E — Ep)/kgT}

AE) =

where f(E) gives the probability that a state of energy E will be occupied in thermal equilibrium. E is
the chemical potential (or Fermi level) and is defined as the energy of the topmost filled electron state
at absolute zero temperature. For the high-energy tail of the distribution, we have (E — Ex) > kgT.
Since, under these conditions, the exponential term is dominant, the unity in the denominator can be
neglected, and we have essentially the Boltzmann distribution,

f(E) = exp |—(E — E)/kgT)
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TABLE 5.7. Thermionic Work Functions of Several Metals

Richardson Constants

Temperature (K) for 1.3 X 107° Pa P $
Metal Vapor Pressure (107* A/m’K?) eV) (107" ))
Cs 273 160 1.81 2.90
Ba 580 60 2.11 3.38
Ni 1270 60 4.1 6.57
Pt 1650 170 5.4 8.65
Mo 1970 55 4.15 6.65
C 2030 48 4.35 6.97
Ta 2370 60 4.10 6.57
\%Y% 2520 80 4.54 7.27
Th 1800 2.7 4.33
Zr 1800 3.1 4.97

where n(E) is the concentration of high-energy electrons, . is their velocity normal
to the surface, and e is the unit charge. After integration over the Boltzmann distri-
bution (treating the electrons in the metal as an electron gas) between the limits of
E and oo in the z direction and between —oo and o in the x and y directions, we

have
< A ) leN 2ksT ‘/ze ¢ (5.21
— ] == xpl| — — .
J cm’ 2%\ mm P kgT )

where m is the electron mass and N, is the density of states that gives the number
of electron states per unit volume. It is given by N, = 2(2wmkgT /h*)*/>. Substitution
of Ny into Eq. 5.21 gives

(AN [
() = am e (- ) 22

where A = 4wemkj /h* = 120 A /cm’K?. This is the well-known Richardson-Dush-
man equation.

The electron flux leaving the surface increases with increasing temperature and
decreasing work function. Thermionic emission is the method used most frequently
to produce electron beams.* Table 5.7 gives the thermionic work function of several
materials. Barium and its compounds (oxide and silicate) and cesium are used most
frequently as cold cathodes, since large electron currents may be obtained from their
surfaces even at low temperatures because of their work functions.

*More in-depth discussions of the uses of thermionic emission and the experimental variations in cath-
ode emission are given in references [7-11].
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5.7 ELECTRON EMISSION FROM SURFACES BY INCIDENT
ELECTRON OR PHOTON BEAMS

Electron emission from surfaces induced by an electron or photon beam is one of
the most successful means of learning about structure, composition, and bonding at
surfaces on the atomic level. Electrons can be emitted readily from a solid by inci-
dent photons or electrons with energies of the emitted electron greater than the work
function (a few electron volts). When electrons are emitted at low kinetic energies,
they come only from surface atoms, because electrons emitted from atomic layers
under the topmost layer lose their energy by collisions before exiting the surface.
Figure 5.11 shows the mean free path of electrons for inelastic scattering in solids
as a function of the kinetic energy of the emitted electron. The curve shown in Figure
5.11, which is often called the universal curve (because it is applicable to most
solids), exhibits a broad minimum in the energy range between 10 and 500 eV (1.6
x 107" — 8 x 107" J), with the corresponding mean free paths on the order of
4-20 A (0.4-2 nm).

Let a monochromatic beam of electrons of energy E, (the primary electron beam)
strike a solid surface. A typical plot of the number of scattered electrons N(E) as a
function of their kinetic energy E is shown in Figure 5.12. The N(E) versus E curve
shows a broad peak at low energies, due to secondary electrons created as a result
of inelastic collisions between the incident electrons and the electrons bound to the
solid. Thus one incident electron may cause the emission of several low-energy
electrons from the solid.

Some of the electrons elastically back-scatter with energy E,. These electrons will
back-diffract from the surface if their de Broglie wavelength,

1.5 o 150
}\(nm) = m )\(A) = E_(gv)‘

is smaller than or equal to the interatomic distance. This occurs in the 10-500 eV
[1.6-80.1 x 107'® J] range, corresponding to A = 3.9 A (0.39 nm) and 0.64 A
(0.064 nm), respectively.

Low-energy electron diffraction (LEED) has proved to be a powerful tool for
providing information about periodic surface structures. Small energy losses [in the
meV (1072? J) range] by the incident electrons provide the energy to excite vibra-
tions and produce vibrational spectra of adsorbed atoms and molecules (high-reso-
lution electron-energy-loss spectroscopy). Energy losses in the 1-20 eV (1.6-32 X
107"® J) range are caused by electronic excitations such as plasma excitation or
electron excitation of adsorbed species. Higher-energy electrons cause electron
emission from inner shells of surface atoms. The deexcitation processes that follow
lead to Auger electron emission and X-ray fluorescence. Both of these processes
provide information about surface composition, since the energies of the emitted
electrons or photons identify the emitting atom.

Photon beams incident on surfaces induce vibrational excitation of adsorbed mol-
ecules at low energies [in the meV (= 10722 )) range]. Photoemission of electrons
from the valence band [the 5-30 eV (8-48 x 107" J) range] yields the surface
density of electronic states. Photoemission of electrons from inner shells (30-104
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Figure 5.12. Energy distribution of scattered electrons from an ethylene-covered Rh(111)
crystal surface at 300 K [57].

eV = 4.8 x 107% = 1.6 x 107" J) is used in photoelectron spectroscopy (o
identity the surface composition and the oxidation states of surface atoms. The dif-
fraction of X-ray photoelectrons yields information aboul surface structure.

Many of the processes that occur during electron (photon)-surface interactions
form the foundation of the vanous technigues of surface analysis. They are described
briefly in the list of techniques discussed in Chapter 1. Here we discuss three of the
spectroscopies—high-resolution electron-energy-loss spectroscopy, X-ray photo-
electron spectroscopy. and Auger electron spectroscopy—because of their prominent
roles in surface chemistry.

5.7.1 High-Resolution Electron-Energy-Loss Spectroscopy (HREELS)

In HREELS [12-16], an electron beam of 5-20 eV (= 107" J) energy strikes a solid
surface. The back-reflected electrons’ energies can be measured with an energy res-
olution of about 5 meV (40 em ™' = B x 10 = I), which is about an order of
magnitude better than the energy resolution used in other electron spectroscopies.
(This is the reason for the name, although photon spectroscopies have much higher
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energy resolutions.) This highly monochromatic beam, upon incidence, excites the
various chemical bonds (M—H, M—O, C—H, or C—C, where M is the substrate
atom). The frequency modes of these chemical bonds are in the 500-2500 cm ™' (1-
5 x 1072°J) range. A typical vibrational spectrum of an organic molecule, o-xylene,
on the Rh(111) crystal face is shown in Figure 4.5. The electrons are back-reflected
from the surface with energies equal to Eqecicd = Eincident — Evibrations and they are
detected by a suitable energy analyzer. Using HREELS, not only is hydrogen readily
detectable at coverages much lower than a monolayer, but also isotope shifts due to
different masses of H and D can be observed (Figure 5.13). Adsorbed species with
chemical bonds perpendicular to the surface are more readily detectable than ad-
sorbed species with chemical bonds parallel to the surface. The surface sensitivity
of this technique is so high (= 1 % of a monolayer) that the structure of the molecules
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Figure 5.13. (a) Vibration spectra of hydrogen and deuterium adsorbed on Rh(111) systems
at different coverages at 80 K. The data were taken by HREELS. (b) The angular distribution
of the 450-cm ™' and 470-cm ™' loss peaks. (c) The angular distribution of the 750-cm ' and
1100-cm ™" loss peaks [58].
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adsorbed at the different adsorption sites can be monitored as they fill up the various

sites with increasing coverages.

5.7.2 X-Ray Photoelectron Spectroscopy (XPS)

XPS [13, 14, 17-253] provides information about elemental surface composition. The
principle of photoelectron spectroscopy is the excitation of electrons in an atom or
molecule by means of X-rays into vacuum. The ejected photoelectrons have a kKinetic

energy E;, equal to

Eyin = hv = Ey (5.23)
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Figure 5.14. Typical XPS spectra from three different transition metals

[59]: (@) nickel

(nickel oxide is shown for comparison); (b) copper (copper oxide is shown for COMPArison);

(¢) zirconium (carbon and oxygen impurity peaks are also shown).



5,7 ELECTRON EMISSION FROM SURFACES 387

where fiw is the energy of the incident X-rays and Ej is the binding energy of the
gjected electron. The X-ray source [26] often consists of an anode of material, usu-
ally Al or Mg. The energies of these lines are 1253.6 eV (2 x 10 ' 1) for Mg,
with a full width at half-maximum (FWHM) of 0.7 eV (107" J), and 1486.6 eV
(2.4 x 107'% 1) for Al, with an FWHM of 0.85 eV (1.4 x 107" J). Typical XPS
spectra are shown in Figure 5.14.

Another frequently used photon source is synchrotron radiation. When high-en-
ergy electrons are accelerated to energies of 110 6 GeV (1.6 x 107" 10 10717 Iy,
clectromagnetic radiation is emitted in the 10 10 10% eV (1.3 x 10 "0 1.6 x 107"
J) energy range. Continuous radiation in this energy range, which has imensities
maore than five orders of magnitude higher than a conventional X-ray lube, provides
a powerful probe of the electronic structure of atoms and molecules.

Equation 5.23 gives a highly simplified relationship between the kinetic energy
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E,;, of the emitted photoelectrons and their binding energy. The value of E|;, may
be modified by several atomic parameters that are associated with the electron emis-
sion process.

One of the most important additional applications of XPS is the determination of
the oxidation state of elements at the surface. The electronic binding energies for
inner-shell electrons shift as a result of changes in the chemical environment. An
example of these shifts can be seen in nitrogen, indicating the photoelectron energy
for various chemical environments (Figure 5.15). These energy shifts of the core
electrons are closely related to charge transfer in the outer electronic level. The
charge redistribution of valence electrons induces changes in the binding energy of
the core electrons, so that information on the valence state of the element is readily
obtainable. A loss of negative charge (oxidation) is usually accompanied by an in-
crease in the binding energy Ej of the core electrons.
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The surface sensitivity of photoelectron spectroscopy is increased by collecting
the emitted electrons that emerge at small angles to the surface plane, as was men-
tioned before. These electrons must travel a longer distance in the solid, and there-
fore they are more likely to be absorbed unless they are generated at the surface or
in the near surface region.

5.7.3 Auger Electron Spectroscopy (AES)

Auger electron spectroscopy [13, 14, 19-21, 27-38] is suitable for studying the
composition of solid and liquid surfaces. Its sensitivity is about 1% of a monolayer,
and it may be used with relative ease, compared with several other techniques of
electron spectroscopy. When an energetic beam of electrons or X-rays [1000-5000
eV (1.6-8 x 107 ' J)] strikes the atoms of a material, electrons which have binding
energies less than the incident beam energy may be ejected from the inner atomic
level. By this process a singly ionized, excited atom is created. The electron vacancy
thus formed is filled by deexcitation of electrons from other electron energy states.
The energy released in the resulting electronic transition can be transferred by elec-
trostatic interaction to still another electron in the same atom or in a different atom.
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Figure 5.16. Scheme of the Auger electron emission process.

If this electron has a binding energy that is less than the energy transferred to it from
the deexcitation of the previous process (which involves filling the deep-lying elec-
tron vacancy), it will then be ejected into vacuum, leaving behind a doubly ionized
atom. The electron ejected as a result of the deexcitation process is called an Auger
electron, and its energy is primarily a function of the energy-level separations in the
atom. Thus measurement of the Auger electron energy identifies the atom it comes
from. These processes are schematically displayed in Figure 5.16.

Most Auger spectroscopy studies of surfaces are carried out for qualitative as well
as quantitative surface chemical analysis [39]. Typical Auger spectra from alloy
surfaces are shown in Figure 5.17. While the raw experimental data yield the elec-
tron intensity as a function of its energy (/ versus eV), it is usually displayed as the
second derivative of intensity d*I/dV* as a function of electron energy eV. In this
way the Auger peaks are readily separated from the background, due to other elec-
tron-loss processes that take place simultaneously.

5.8 FIELD ELECTRON EMISSION

When a potential V is applied between a metal tip and a plate, a large electrical field
E can be generated at the tip because of its small curvature (E = V/r). Thus, for
V = 10" volt and r = 10™* cm (107 m), an electrical field of 107 volt /cm (= 10°
V /m) can be obtained, large enough to cause field electron emission [13, 14, 19,
21, 30, 40-42]. The applied potential reduces the barrier height, which is repre-
sented by the work function in the absence of the electrical field, according to the
Fowler-Nordheim equation

3/2
bé > (5.24)

I = AV’ -
exp < v

where A and b are constants for a given material. One way to observe field electron
emission is by using the field electron microscope. A fine tip of radius of 10> nm
(10° A) is produced, and a potential of 1-5 kV is applied between it and a plate.
(The tip is negatively charged.) The plate is covered with a phosphor that emits light
in proportion to the incident electron flux. The space between the tip and the detector
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Figure 5.17. Typical AES spectra from pure gold and silver and their alloys [60].

plate is evacuated so that the electron mean free path in the partial vacuum is larger
than the size of the apparatus.

5.9 FIELD IONIZATION

The large electrical field at the tip of a field electron microscope can be used to
1onize gas atoms that approach it or adsorb on it [13, 14, 19, 21, 30, 40, 42, 43].
If the tip is positively charged in order to repel the positive ions formed, field ion-
ization of an approaching atom occurs at a critical distance X [about 4-8 A (0.4-
0.8 nm)] from the tip, defined by X = (V;,, — ¢)/E, where V,,, is the ionization
potential of the gas atom. The ionization probability depends strongly on the local
field vanations induced by the atomic structure of the surface. Therefore, field ion-
ization microscopy (FIM) can be used to image the surface. Protruding atoms (ada-
toms, atoms at steps or kinks) have lower local work functions and therefore gen-
erate more ionization than atoms embedded in close-packed atomic planes. Thus,
protruding atoms produce individual bright spots on the screen. The imaging of the
atomic surface structure of the tip by ions occurs with very little uncertainty in the
location of the site from which the ions are emitted, because the ions move very
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little tangential to the tip surface, especially at low temperatures (7 = 21 K is often
used for that reason). This small lateral movement allows a spatial resolution of 2-
3 A (0.2-0.3 nm). Small-radius tips are needed to produce the large field required
for ionization, but small-radius tips also permit the immense magnification of this
microscope, about 10’-fold.

5.10 ELECTRON TUNNELING

When a sharp tip is brought within 5-10 A (0.5-1.0 nm) of a surface and a small
(= 10 volt) potential is applied between the two, quantum tunneling of electrons
occurs. This effect produces a tunneling current /, given by the formula

I = CV exp (—AVwx) (5.25)

where C and A are constants, w is the tunnel barrier height, and x is the distance
between the tip and the sample surface. (The formula is for one-dimensional tun-
neling and is an approximation for the tunneling tip.) The tunneling current changes
exponentially with the tip-surface distance and can be stabilized by an electronic
control unit. The tip can be moved along and perpendicular to the surface by piezo-
electric ceramics that extend or contract by the application of suitable voltages (about
1A per volt). Measurement of the tunnel current as a function of atomic-scale
displacement of the tip along the surface permits imaging of the surface structure.

5.10.1 The Scanning Tunneling Microscope (STM)

Electron tunneling and tip motion are the basis of the STM [14, 44-51] (Figure
5.18). Macroscopic tips always have certain whiskers of atomic dimensions due to
clusters of atoms that act like minitips. The minitip that happens to be closest to the
surface will draw all the tunnel current and will provide the spatial localization re-
quired for high-resolution imaging. Typical values for tunnel currents vary from 10

Piezoelectric Tube
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Intergrator

Comparator

Tunnel

current

Reference
current

Figure 5.18. Scheme of the scanning tunneling microscope.
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pA to 10 nA. An STM picture of a graphite surface at atomic resolution is shown
in Figure 2.5.

The STM may be operated by moving it along the surface in the constant-height
mode or in the constant-current mode (topographic mode). In the constant-height
mode, the height of the tip is kept constant, and the variation in current is measured
(the closer the distance, the greater the current crossing the gap). In the topographic
mode, the tunneling current is kept constant by moving the tip in and out, always
at a constant distance from the surface. By oscillating the tip the tunnel current can
be modulated (dI /dx) to image the local barrier height. Investigations of the applied
voltage dependence of the tunnel current should provide information about the local
electron density of states.

Electron tunneling spectroscopy applied in a different experimental configuration
can yield the vibrational structure of adsorbates. For example, by adsorbing a mon-
olayer of molecules at an aluminum oxide-lead interface, the vibrational spectrum
of benzoic acid was obtained by plotting d?V/dI*, the second derivative of the
applied voltage with respect to the tunnel current, versus the applied voltage V. The
result is shown in Figure 5.19. The experiment was performed at 4.2 K.
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Figure 5.19. Electron tunneling spectra from aluminum oxide-lead junctions with benzoic
acid adsorbate. Acid solution strength are indicated. The junction spectrum without the ad-
sorbate is included for comparison [61].
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5.11 SUMMARY AND CONCEPTS

® The discontinuity and change of dimensionality (from three to two dimensions)
at solid-vacuum, solid-gas, and solid-liquid interfaces gives rise to electron
redistribution. These effects result in surface space charges, surface electronic
states, and work functions that are altered by changes of surface structure and
adsorption.

e Charge transfer at the interface may control (a) electron transport near the sur-
face and (b) the nature of adsorption.

¢ Surface ionization of adsorbates can take place under appropriate circum-
stances.

¢ Excited surface-atom vibrations induced by incident electrons have many ap-
plications in surface science.

¢ Electron emission from the valence band induced thermally by photons or by
other electrons also has many applications in surface studies.

¢ The emission of inner-shell electrons from surface atoms is used for chemical
analysis and determination of oxidation states.

¢ Electric-field-induced electron emission or tunneling and ionization of atoms
at sharp tips are used to image surface atoms.

5.12 PROBLEMS

5.1  Milk and latex paint are two colloid systems. Describe the reasons for their
stability [62].

5.2 When potassium is deposited on the (111) crystal face of rhodium, the
work function of the metal decreases markedly. At 20% monolayer cov-
erage, the work function change attains its minimum value of —1.8 eV.
If the Rh—K interatomic distance is 1.2 A, what is the charge transfer at
the adsorption site of the alkali metal?

5.3 (a) Calculate the electron flux from a hot tungsten filament at 2200 K. (b)
At what temperature would you need to operate a BaO cathode to obtain
the same current? Assume ¢g,o = 1.1 eV and Ag,c = 3.5 mA /cm’K 2.

*5.4 Low-energy (5-15 eV) incident electrons can excite the vibrational modes
of surface atoms and adsorbed molecules. Describe what has been learned
about the (a) bonding of hydrogen atoms on rhodium and tungsten metal
surfaces [63-65] and (b) the bonding of CO on rhodium and nickel [66,
67]. Discuss the meaning of dipole and impact electron scattering.

**5.5  What is the Helmholtz layer at the solid-liquid interface? Discuss the ex-
perimental evidence for its existence [68-71].

**5.6 The contact potential that develops at semiconductor-oxide/metal inter-
faces dramatically alters the transport of the electrons in the two directions
(oxide to metal and metal to oxide). Describe how the current varies as a
function in the two directions. Discuss different applications of this phe-
nomenon [72].
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**5.7  The distribution of the space charge can be calculated along the surface of

an electrode of a given shape by solving the Poisson equation using ap-
propriate boundary conditions. Review the literature and discuss how the
shape of an electrode alters the space charge layer [73].

**5.8  Gas adsorption changes the electrical conductivity of oxide semiconductor

thin films [2,3]. How is this phenomenon utilized to detect methane or
carbon monoxide? How would charge transfer to the substrate affect the
heat of adsorption of an organic molecule, and how would it affect that of
oxygen and nitrogen? Could you use this phenomenon for the separation
of O, and N, in air?

**5.9  Discuss the principles of Fourier transform infrared spectroscopy and non-

linear laser optics [74, 75], and of second harmonic and sum frequency
generation. Compare the relative advantages of both techniques for the
study of the bonding, orientation, and location of adsorbed molecules either
on metal or on insulator surfaces.

**5.10 Xerography is one of the dominant methods of producing copies of written

material. Describe its principle of operation [76, 77]. How are colored
copies made?
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